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ABSTRACT
B i o l o g i c a l  and ch em ica l  p a ra m e te r s  r e v e a l e d  c o n s id e r a b le  
te m p o ra l  and s p a t i a l  v a r i a b i l i t y  in  a s h a l lo w  t i d a l  embayment. The 
d a i l y  p e r i o d i c i t y  and s p a t i a l  h e t e r o g e n e i t y  o f  g lu c o s e  in  p a r t i c u l a r ,  
r e f l e c t e d  h ig h ly  t r a n s i e n t  p r im a ry  p r o d u c t i v i t y  and h e t e r o t r o p h i c  
u p ta k e .  O c to b er  was an im p o r ta n t  t r a n s i t i o n a l  p e r i o d ,  d u r in g  which 
maxima in  ammonium, n i t r a t e  and n i t r i t e  o c c u r r e d .  L o n g i tu d in a l  and 
t i d a l  v a r i a t i o n s  o f  n i t r i t e  w i t h i n  th e  embayment i n d i c a t e d  a r i v e r  
s u r f a c e  o r i g i n ,  p ro b a b ly  f u r t h e r  u p s t re a m .  N anop lank ton  dynamics 
r e f l e c t e d  t h i s  u n u s u a l  p e r i o d ,  s in c e  p h y to p la n k to n  and b a c t e r i o p l a n k t o n  
d e c r e a s e d  t o  a  minimum d u r in g  O c to b e r  and p u l s e s  in  p h y to p la n k to n  
o c c u r re d  in  th e  m arsh a t  th e  end o f  th e  n i t r i t e  e v e n t .  O c to b e r  was a l s o  
a p i v o t a l  p e r io d  due to  s h i f t s  in  t h e  r e l a t i v e  abundance o f  n a n o p la n k to n  
com ponents , w hereby p h y t o f l a g e l l a t e s  became dom inant o v e r  d ia tom s and 
h e t e r o t r o p h i c  f l a g e l l a t e s  in c r e a s e d  in  abundance  r e l a t i v e  t o  
p h y to p la n k to n .  W ithou t s p e c i e s  s p e c i f i c  e s t i m a t e s  o f  c h lo r o p h y l l  
c o n t e n t ,  t h e  p r e d i c t a b i l i t y  o f  t o t a l  c h l o r o p h y l l  a  from p h y to p la n k to n  
g rouped  c e l l  c o u n ts  was a f f e c t e d  by s h i f t s  in  dominance o f  d i f f e r e n t  
s p e c i e s  and d i f f e r e n t  g ro u p s  o c c u r r in g  on d a i l y  and s e a s o n a l  s c a l e s .  
T em p era tu re  was th e  d o m in a t in g  f a c t o r  in  r e g u l a t i n g  s e a s o n a l  t r e n d s  in  
b a c t e r i o p l a n k t o n  s ta n d in g  s to c k s  in  th e  t i d a l  embayment. The g r a z in g  
im pact o f  h e t e r o t r o p h i c  m i c r o f l a g e l l a t e s  on b a c t e r i a  c o u ld  be 
m e a n in g fu l  o n ly  on a s h o r t - t e r m  ( h o u r ly )  b a s i s  in  t h i s  t r a n s i e n t  
e s t u a r i n e  s y s te m . D i s t i n c t  h e t e r o t r o p h i c  m i c r o b i a l  com m unities  a t  low 
t i d e  in  t h e  m arsh  s im u la te d  i n t e r f a c e  c o n d i t i o n s  w i th  maximed p o t e n t i a l  
f o r  t r o p h i c  i n t e r a c t i o n s  and p h o sp h a te  r e m i n e r a l i z a t i o n .  B iv a lv e  
f l a g e l l a t e d  gam etes c o n s t i t u t e d  an im p o r ta n t  a l t e r n a t e  food so u rc e  f o r  
p l a n k t o n i c  m ic ro p ro to z o a n s  in  t h i s  s h a l lo w  m arin e  environmemt and , t h u s ,  
p ro v id e d  d i r e c t  (e n e rg y  e f f i c i e n t )  c o u p l in g  betw een b e n th ic  
i n v e r t e b r a t e s  and h e t e r o t r o p h i c  n a n o p la n k to n .  S h o r t - t e r m  sam pling  in  
t r a n s i e n t  e s t u a r i n e  sy s te m s ,  p a r t i c u l a r l y  d u r in g  s e a s o n a l  t r a n s i t i o n a l  
p e r i o d s ,  c o u ld  p ro v id e  v a lu a b l e  in f o r m a t io n  on maximum p o t e n t i a l s  o f  
n a n o p la n k to n  dy n am ics .
INTRODUCTION
A lth o u g h  a l a r g e  body o f  in f o r m a t io n  i s  now a v a i l a b l e  on th e  
e co lo g y  o f  m a r in e  n a n o p la n k to n ,  most o f  th e  r e p o r t e d  e n v iro n m e n ta l  
s t u d i e s  have  been  r e s t r i c t e d  t o  p a r t i c u l a r  components o f  t h i s  community. 
W ith th e  c u r r e n t  r e v i s i o n  o f  m a r in e  food web t h e o r y ,  w hich  em phasizes  
th e  c o m p le x i ty  o f  t r o p h i c  i n t e r a c t i o n s  be tw een m i c r o b i a l  components 
(Pom eroy, 1974; S i e b u r t h  e£. > 1978; Haas and Webb, 1979; Fuhrman and
Azam, 1980; S o r o k in ,  1981; F e n c h e l ,  1 9 8 2 a ,b , c ,d ;  S i e b u r t h  and D a v is ,  
1982; Azam etr ad: . . 1983; S h e r r  e £  a * . , 1984 ), t h e r e  i s  a need  to  a c q u i r e  
a b e t t e r  u n d e r s ta n d in g  o f  th e  m arin e  m ic r o b i a l  community as  a w h o le .  
F u r th e rm o re ,  o u r  c u r r e n t  u n d e r s ta n d in g  o f  n a n o p la n k to n  dynam ics i s  
b i a s e d  by in a d e q u a te  te m p o ra l  and s p a t i a l  s c a l e s  u sed  in  sam p ling  ( e . g .  
Goldman, 1 9 8 0 ) .  Eveh though  th e  p o t e n t i a l  f o r  s h o r t - t e r m  re s p o n s e s  has 
been  w e l l  documented in  l a b o r a t o r y  e x p e r im e n t s ,  s h o r t - t e r m  
i n v e s t i g a t i o n s  have been  n e g le c t e d  in  th e  m arin e  en v iro n m en t ( e . g .  
M eyer^R eil « £  a d : . , 1 9 7 9 ) .  I t  i s  n e c e s s a r y  t o  improve th e  r e s o l u t i o n  o f  
f i e l d  sam pling  s t r a t e g i e s  t o  f i t  th e  tim e s c a l e  o f  m i c r o b i o l o g i c a l  
p r o c e s s e s .
S ha llow  e s t u a r i n e  e n v iro n m e n ts ,  such  as s a l t  m arshes  and 
a s s o c i a t e d  m u d f l a t s ,  p ro v id e  e x tre m e ly  t r a n s i e n t s  c o n d i t i o n s  u n d e r  which 
n a n o p la n k to n  dynam ics can be e x p e c te d  to  r e a c h  maximum v a r i a b i l i t y .  I f  
e n v iro n m e n ta l  v a r i a b i l i t y  i s  indeed  r e f l e c t e d  by n a n o p la n k to n  p r o c e s s e s ,  
th e n  th e  i n v e s t i g a t i o n  o f  t h i s  v a r i a b i l i t y  can a t  l e a s t  p ro v id e  an id e a
1
2o f  th e  m in im al r e s o l u t i o n  r e q u i r e d  f o r  a d e q u a te  s c a l e s  in  f i e l d  
s a m p l in g .  The p r e s e n t  s tu d y  was d i r e c t e d  tow ards  t h i s  m in im al 
r e s o l u t i o n .  I t  r e p r e s e n t e d  an a t t e m p t  t o  c h a r a c t e r i z e  th e  te m p o ra l  
v a r i a b i l i t y  o f  th e  n a n o p la n k to n  community in  a s a l t  m arsh  -  m u d f la t  
e c o sy s te m .
The s tu d y  o r i g i n a t e d  as  a c o l l a b o r a t i o n  p r o j e c t  t o  p ro v id e  
e n v i ro n m e n ta l  background  in f o r m a t io n  f o r  a s tu d y  o f  jln s i t u  g r a z i n g -  
g row th  i n t e r a c t i o n s  o f  p la n k to n ic  h e t e r o t r o p h i c  f l a g e l l a t e s  and b a c t e r i a  
( F r i t z ,  1 9 8 4 ) .  The s tu d y  in c lu d e d  m o n i to r in g  a u t o t r o p h i c  and 
h e t e r o t r o p h i c  n a n o p la n k to n  com ponen ts ,  as w e l l  as d i s s o lv e d  s u b s ta n c e s  
i n d i c a t i v e  o f  n a n o p la n k to n  p r o c e s s e s .  Tem poral s c a l e s  were s e l e c t e d  so 
as  t o  compare th e  m agn itude  o f  s h o r t - t e r m  o r  h o u r ly  v a r i a t i o n s  w i t h i n  a 
t i d a l  c y c le  w i th  lo n g - te rm  v a r i a t i o n s  betw een  t i d a l  c y c l e s .  The n a t u r a l  
l o n g i t u d i n a l  g r a d i e n t  be tw een m a r s h - m u d f l a t - r i v e r  p ro v id e d  a s p a t i a l  
s c a l e ,  w i t h i n  w hich  maximum d i f f e r e n c e s  were ex p ec te d  t o  be o b se rv ed  
d u r in g  p e r io d s  o f  low w a te r  l e v e l s ,  t h a t  i s  t i d a l  s t a g e s  a p p ro a c h in g  low 
t i d e .  T hus , th e  a n a ly s e s  o f  t i d a l  v a r i a t i o n s  super im posed  on 
l o n g i t u d i n a l  g r a d i e n t  d i f f e r e n c e s  would p ro v id e  an e s t i m a t e  o f  th e  
r e s p o n s e  o f  d i f f e r e n t  p a ra m e te r s  t o  a con tinuum  o f  e n v iro n m e n ta l  
c o n d i t i o n s .
MATERIALS AND METHODS
Sam pling L o c a t io n
A sm a l l  w e l l - d e f i n e d  t i d a l  embayment a t  Carmines I s l a n d s  (37°
17 'N , 76°32'W) on th e  York R iv e r ,  V i r g i n i a  ( F ig u r e  1) was s e l e c t e d .  A
p r e v io u s  s tu d y  (Marsh and Odum, 1979) m o n ito re d  b a c t e r i o p l a n k t o n  a t  t h i s
l o c a t i o n .  The embayment opened d i r e c t l y  i n t o  th e  York R iv e r  and had a
r e c t a n g u l a r  shape ab o u t 300 m long  w i th  an a v e ra g e  w id th  o f  100 m. A
p i e r  marked a n a rro w  e n t r a n c e  (30 m w ide) and a sm a l l  wooden b r id g e
c r o s s e d  th e  embayment n e a r  th e  o t h e r  en d . Both s i d e s  were f r i n g e d  by
n arrow  s ta n d s  o f  S p a r t i n a  a l t e m i f l o r a  (1 0 -2 0  m w id e ) .  The u p p e r
r e a c h e s  c o n n e c te d  a complex sys tem  o f  Sj, a l t e r n i f l o r a  and D i s t i c h l i s
s p i c a t a  m arshes  and a s s o c i a t e d  d r a in a g e  c h a n n e ls  ( t o t a l  s u r f a c e  a r e a  
5 2around  1 x 10 m ) .  T h is  m arsh  sys tem  s e p a r a te d  Carmines I s l a n d s  from 
th e  m a in lan d  and was o f t e n  e n t i r e l y  f lo o d e d .
T hree  s t a t i o n s  r e p r e s e n t a t i v e  o f  d i f f e r e n t  sh a l lo w  e s t u a r i n e  
e n v iro n m en ts  w ere  e s t a b l i s h e d  t o  i n v e s t i g a t e  in_ s i t u  g ra z in g -g ro w th  
r a t e s  ( F r i t z ,  1 9 8 4 ) ;  e n v iro n m e n ta l  p a ra m e te r s  were m o n ito red  a t  th e s e  
s i t e s  ( F ig u r e  1 ) .
S t a t i o n  1 was a d j a c e n t  to  th e  S p a r t i n a - D i s t i c h l i s  m arsh sys tem  
and was marked by a s u p p o r t  s t r u c t u r e  to  house  e x p e r im e n ta l  cham bers .
At low t i d e ,  t h i s  s t a t i o n  c o n s i s t e d  o f  a v e ry  sh a l lo w  t i d a l  p o o l  (10 -15  
cm d e e p ) ,  w hich  u s u a l l y  rem ained  i s o l a t e d  from embayment w a te r  f o r  
s e v e r a l  h o u rs  and was m a in ta in e d  by r e s i d u a l  d r a in a g e  from th e  m a rsh . '
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5T h is  s t a t i o n  w i l l  be r e f e r r e d  to  as th e  'm a r s h '  s t a t i o n .
S t a t i o n  2 o r  'm u d f l a t '  s t a t i o n  was l o c a t e d  in  an e x t e n s iv e  
m u d f la t  (100 m w id e ) ,  2 /3  o f  th e  d i s t a n c e  b e te e n  s t a t i o n  1 and th e  
m outh , and was c o n s id e r e d  to  be an i n t e r m e d i a t e  p o i n t  in  th e  
l o n g i t u d i n a l  g r a d i e n t  be tw een m arsh  and r i v e r .  An e x p e r im e n ta l  chamber 
s u p p o r t  s t r u c t u r e  a l s o  marked t h i s  s t a t i o n .  At low t i d e ,  t h i s  s t r u c t u r e
s to o d  in  th e  m id d le  o f  an e x t e n s iv e  s h a l lo w  body o f  w a te r  (20 -30  cm
d e e p ) ,  w hich  f r e q u e n t l y  became i s o l a t e d  from  th e  r i v e r .
S t a t i o n  3 o r  ' r i v e r '  s t a t i o n  was l o c a t e d  o u t s i d e  t h e  embayment
a b o u t  15-20 m p a s t  th e  p i e r .  S in c e  t h i s  a r e a  was open t o  York R iv e r
m a in f lo w , i t  was presum ed t o  r e f l e c t  more r i v e r i n e  c o n d i t i o n s .
Two a l t e r n a t e  s t a t i o n s  (4  and 5) were e s t a b l i s h e d  a c r o s s  from 
s t a t i o n  1 and s t a t i o n  2 ,  r e s p e c t i v e l y ,  t o  d e t e c t  l a t e r a l  h e t e r o g e n e i t y  
w i t h i n  th e  embayment ( F ig u re  1 ) .
Sam pling S ch ed u le
The sam pling  s t r a t e g y  was d e s ig n e d  t o  i n v e s t i g a t e  te m p o ra l  and 
s p a t i a l  a s p e c t s  o f  n a n o p la n k to n  dynam ics . Tem poral s c a l e s  were d e f in e d  
on a s h o r t - t e r m  b a s i s  (h o u r ly  i n t e r v a l s  w i t h i n  a t i d a l  c y c le )  and on a 
lo n g - te rm  b a s i s  (w eek ly  i n t e r v a l s  be tw een t i d a l  c y c l e s ) .  The s p a t i a l  
s c a l e  was p ro v id e d  by th e  t h r e e  s t a t i o n s  a lo n g  th e  t i d a l  embayment.
Each week, sam p ling  b r a c k e te d  a l t e r n a t i v e l y  a h ig h  o r  low t i d e  f a l l i n g  
a p p ro x im a te ly  a t  th e  same tim e o f  day to  m in im ize  d i f f e r e n c e s  due to  
p h o t o p e r i o d i c i t y .  The s t a t i o n s  w ere  sam pled in  sequence  ( 1 ,  2 , 3 o r  3 ,  
2 ,  1) fo l lo w in g  th e  d i r e c t i o n  o f  ebb and f l o o d ,  r e s p e c t i v e l y .
The d a i l y  sam p lin g  s c h e d u le  was p a t t e r n e d  a f t e r  a p r e v io u s  
s tu d y  o f  n u t r i e n t  dynam ics in  a s i m i l a r  en v iro n m en t (W elsh , 1 9 8 0 ) .  The
6f i r s t  t h r e e  h o u rs  o f  f lo o d  and th e  l a s t  t h r e e  h o u rs  o f  ebb were 
c o n s id e re d  as  th e  low w a te r  h a l f - c y c l e ,  w hereas  th e  l a s t  t h r e e  h o u rs  o f  
f l o o d  and th e  f i r s t  t h r e e  h o u rs  o f  ebb were c o n s id e r e d  as  th e  h ig h  w a te r  
h a l f - c y c l e .  Each h a l f - c y c l e  was sampled tw ic e  d a i l y .  One week, th e  
h ig h  w a te r  h a l f - c y c l e  was sam pled a t  two h o u rs  b e f o r e  and a f t e r  h ig h  
t i d e ,  w h i le  th e  low w a te r  h a l f - c y c l e  was sampled f o u r  h o u rs  b e fo re  and 
a f t e r  h ig h  t i d e .  The f o l lo w in g  week, th e  h ig h  w a te r  h a l f - c y c l e  was 
sam pled a t  fo u r  h o u rs  b e f o r e  and a f t e r  low t i d e ,  w h i le  th e  low w a te r  
h a l f - c y c l e  was sam pled a t  two h o u rs  b e f o r e  and a f t e r  low t i d e  ( F ig u r e  
2 ) .  I n  a d d i t i o n ,  low t i d e  (LT) was sampled w henever l o g i s t i c s  
p e r m i t t e d .  One s e t  o f  d u p l i c a t e  w a te r  sam ples  was t a k e n  a t  th e  t h r e e  
s t a t i o n s  on most o f  t h e  sam pling  d a t e s  t o  e s t i m a t e  f i e l d  sam pling  
v a r i a b i l i t y .
Sam pling was c a r r i e d  o u t  once a week from 21 J u l y  t o  21 
December 1982. O c to b e r  was sam pled tw ic e  a week t o  p ro v id e  a b e t t e r  
d e s c r i p t i o n  o f  t h i s  im p o r ta n t  - b u t  o f t e n  n e g l e c t e d -  t r a n s i t i o n a l  p e r i o d .  
One sam p lin g  d a t e  was added on th e  l a s t  week o f  J a n u a ry  1983, t o  
c h a r a c t e r i z e  a w i n t e r  p e r io d  w i th  w a te r  t e m p e ra tu re s  a t  a minimum, and 
two more d a t e s  in  th e  m id d le  o f  A p r i l  1983 t o  p ro v id e  some d a t a  d u r in g  a 
s p r in g  te m p e ra tu re  i n c r e a s e .  T ab le  1 l i s t s  th e  sam pling  d a t e s ,  t h e  
number o f  sam ples  t a k e n  a t  each  s t a t i o n ,  as  w e l l  as  d a t e s  o f  s p r in g  and 
neap  t i d e s .
Sam pling and A n a l y t i c a l  P ro c e d u re s
M easurem ents o f  t e m p e r a t u r e ,  s a l i n i t y ,  w a te r  h e i g h t ,  t o t a l
c h l o r o p h y l l  n ,  d i s s o l v e d  in o r g a n ic  n u t r i e n t s  (NH^+ , NO2 > NO  ^ and 
3-xPO^ ; ,  d i s s o lv e d  g lu c o s e  and e p i f l u o r e s c e n e e  c o u n ts  o f  a l l  a u t o t r o p h i c
F ig u r e  2 . A l t e r n a t i n g  w eek ly  sam pling  o f  low t i d e  and 
h ig h  t i d e  c y c le s  d e s i g n a t i n g  a r b i t r a r y  w a te r  
h e i g h t  l i m i t s  f o r  p e r io d s  o f  h ig h  w a te r  l e v e l  
(HW), low w a te r  l e v e  I s  (LW) and low t i d e  (LT)
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8TABLE 1 .  L i s t  o f  d a t e s  sam pled and number o f  sam ples  t a k e n .
TOTAL NO
DATE STA1 STA2 STAS STA4 STA5 LTa Dupb SAMPLES '
n o .  sam ples  ta k e n  a t  e a .  s t a t i o n
21JUL82 4 4 4 0 0 - - 12
29JUL82 5 5 5 0 0 X - 15
*05AUG82 4 4 4 0 0 - - 12
10AUG82 1 1 1 0 0 - - 3
16AUG82 4 4 4 0 0 - - 12
23AUG82 5 5 5 0 0 X - 15
31AUG82 5 5 5 0 0 X - 15
09SEP82 5 5 5 0 0 X - 15
14SEP82 5 5 5 0 0 X - 15
22SEP82 4 4 4 0 0 - - 12
28 SEP 8 2 5 5 5 1 1 - X 17
*040CT82 4 4 4 1 1 - - 14
070CT82 5 5 5 1 1 - X 17
120CT82 6 6 6 1 1 X X 20
150CT82 5 5 5 - X 15
190CT82 6 6 6 1 1 X X 20
220CT82 4 4 4 - - 12
270CT82 6 6 6 1 1 X X 20
03NOV82 6 6 6 1 1 X X 20
*09NOV82 6 6 6 1 1 X X 20
18N0V82 6 6 6 1 1 X X 20
26NOV82 5 5 5 X - 15
*02DEC82 6 6 6 1 1 X X 20
**08DEC82 6 6 6 1 1 X X 20
17DEC82 6 6 6 1 1 X X 20
21DEC82 5 5 5 1 1 — X 17
26JAN83 2 1 1 0 0 - - 4
13APR83 6 6 6 0 0 X X 18
18APR83 5 5 5 0 0 X 15
TOTAL NO. DAYS = 29 SUM TOTAL NO. SAMPLES = 450
a : low t i d e  (LT) sampled (X) o r  n o t  ( - )
b : one d u p l i c a t e  s e t  o f  sam ples  (DUP) ta k e n  (X) o r  n o t  ( - )  
* : s p r in g  t i d e
**: neap  t i d e
9and h e t e r o t r o p h i c  m ic ro o rg a n ism s  w ere ta k e n  f o r  each  sam pling  t im e .
1 . T em pera tu re  was m easured  w i th  a m ercu ry  th e rm o m ete r  ( F i s c h e r  
S c i e n t i f i c ) , w hich was s w i r l e d  ab o u t  10 cm below th e  w a te r  s u r f a c e  u n t i l
t h e  r e a d in g  s t a b i l i z e d .  I t  p ro v ed  t o  be more r e l i a b l e  in  th e  f i e l d  th a n  
e l e c t r o n i c  t e m p e r a tu r e  p r o b e s .
2 .  S a l i n i t y  sam ples were c o l l e c t e d  in  s t a n d a r d  g l a s s  s a l i n i t y  
b o t t l e s ,  s t o r e d  in  th e  la b  f o r  2-3 days and r e a d  on a Beckman RS-7B 
I n d u c t io n  S a l in o m e te r .
3 .  W ater h e ig h t  was m easured  a t  each  s t a t i o n  w i th  a m e te r  s t i c k  
a g a i n s t  a r e f e r e n c e  p o i n t  on th e  s t a t i o n  m ark e rs  a t  s t a t i o n s  1 and 2, 
and on th e  p i e r  f o r  s t a t i o n  3 .
4 .  T o t a l  c h l o r o p h y l l  a  was a n a ly z e d  u s in g  a s i m p l i f i e d  e x t r a c t i o n  
te c h n iq u e  d ev e lo p ed  by Webb and Hayward (u n p u b l .  m a n u s c r i p t ) .  For each  
sam p le ,  5 ml o f  s u b s u r f a c e  w a te r  were  f i l t e r e d  in  th e  f i e l d  th ro u g h  a 
Whatman GF/F 2 .5  cm f i l t e r ,  w hich  was th e n  fo ld e d  i n t o  a b la c k  g l a s s  
c u l t u r e  tu b e ,  w hich  had been  r i n s e d  w i th  0 .1  % DEA ( d i e t h y l  am ine) in  
90 % a c e to n e  and c o n ta i n in g  8 ml o f  an e x t r a c t i o n  s o l v e n t  c o n s i s t i n g  o f  
a c e to n e  : DMSO (d im e th y l  s u l f o x i d e )  : DW ( d i s t i l l e d  w a te r )  4 5 :4 5 :1 0  and 
0 .1  % DEA. A l l  c h e m ic a ls  were r e a g e n t  g ra d e  from M a l l i n c k r o d t , I n c . .
The tu b e s  w ere th e n  s t o r e d  f o r  an a v e ra g e  o f  3 -4  days a t  room 
t e m p e r a t u r e .  The minimum tim e r e q u i r e d  f o r  co m p le te  e x t r a c t i o n  was a t  
l e a s t  two h o u rs  and s t o r a g e  c o u ld  l a s t  f o r  as  long  as  t h r e e  months 
w i th o u t  any breakdown o f  e x t r a c t e d  c h l o r o p h y l l .
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The c h l o r o p h y l l  s o l u t i o n s  w ere th e n  d e c a n te d  i n t o  c u v e t t e s  and 
r e a d  in  a T u rn e r  111 F lu o ro m e te r  eq u ip p ed  w i th  s t a n d a r d  C o m in g  5-60  
e x c i t a t i o n  f i l t e r ,  C o m in g  2 -64  e m is s io n  f i l t e r ,  F 4T 5-b lue  lamp and 
s t a n d a r d  c u v e t t e  d o o r .  A f t e r  t h e  i n i t i a l  r e a d i n g ,  two d ro p s  o f  2N HC1 
were added t o  th e  c u v e t t e  t o  c o n v e r t  c h l o r o p h y l l  a  t o  p h a e o p h y t in  ® and 
th e  s o l u t i o n  r e a d  a g a i n .  T h is  low er r e a d in g  gave an a c i d i c : b a s i c  r a t i o  
w hich  was u sed  as  an i n d i c a t i o n  o f  t h e  amount o f  d eg rad ed  c h l o r o p h y l l  a; 
in  th e  sam p le .  With t h i s  m ethod, p u re  c h l o r o p h y l l  a  gave a r a t i o  c l o s e  
t o  1 .7  and low er r a t i o s  i n d i c a t e d  th e  p re s e n c e  o f  d eg rad ed  p ig m e n t .
S in c e  th e s e  e s t u a r i n e  w a te r s  c o n ta in e d  s i g n i f i c a n t  amounts o f  
c h l o r o p h y l l  b w hich  i n t e r f e r e d  w i th  p h a e o p h y t in  a  f l u o r e s c e n c e  (Webb and 
Hayward, u n p u b l .  m a n u s c r i p t ) ,  a n d , s i n c e  th e  r a t i o s  o b ta in e d  were 
g e n e r a l l y  h ig h  ( 1 .5  -  1 . 7 ) ,  u n c o r r e c t e d  m easurem en ts  o f  c h l o r o p h y l l  a  
w ere  u sed  in  t h i s  s tu d y .  P e r c e n t  d e v i a t i o n  betw een f i e l d  sam pling  
r e p l i c a t e s  a v e rag e d  < 10 %.
5 .  For d i s s o l v e d  n u t r i e n t  a n a l y s e s ,  a p p ro x im a te ly  20 ml o f  w a te r  
w ere  f i l t e r e d  in  th e  f i e l d  u s in g  com busted (480 °C f o r  3 h o u rs )  Whatman 
GF/F f i l t e r s .  F i l t e r e d  w a te r  was s t o r e d  in  a c id  washed n u t r i e n t  t u b e s ,  
w hich  w ere  k e p t  on i c e  and f r o z e n  a t  -20  °C upon a r r i v a l  a t  t h e  l a b .  
I n o r g a n ic  n u t r i e n t s  were a n a ly z e d  u s in g  a fo u r  c h an n e l  T echn icon  
A u to A n a ly ze r  w i th  s t a n d a r d  EPA m e th o d o lo g ie s  (Kopp and McGee, 1 9 7 9 ) .  
C o n t r o l s  f o r  f r o z e n  s t o r a g e  o f  w a te r  sam ples were ru n  f o r  th e  ra n g e  o f  
s a l i n i t i e s  and n u t r i e n t  c o n c e n t r a t i o n s  in  e s t u a r i n e  w a t e r s .  P e r c e n t  
d e v i a t i o n  be tw een  f i e l d  sam pling  r e p l i c a t e s  a v e rag e d  < 10 % f o r  NH^+ and 
£  5 % f o r  N02“ , N03 " and P043" .
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6 .  W ater sam ples  a f t e r  n u t r i e n t  a n a ly s e s  w ere r e f r o z e n  f o r  l a t e r  
a n a l y s i s  o f  g l u c o s e .  C o n t r o l s  showed t h a t  d i s s o l v e d  g lu c o se  r e s i s t e d  
breakdown o v e r  s e v e r a l  f r e e z e - th a w  e v e n t s .  D is s o lv e d  g lu c o s e  was 
a n a ly z e d  w i th  a s e n s i t i v e  f l u o r o m e t r i c  te c h n iq u e  d ev e lo p ed  by H icks  and 
Carey (1968) f o r  n a t u r a l  s a l i n e  w a t e r s .  T h is  te c h n iq u e  in v o lv e d  th e  
fo l lo w in g  en zy m a tic  r e a c t i o n s :
G lucose  + ATP G lu c o se -6 -P 0 ,  + ADPMg++ 4
g lu c o s e -6 - P 0 ^
G lucose-6 -P O , + NADP - - - - - — ---------- > 6 -p h o sp h o g lu c o n a t  e + NADPH4 d eh y d ro g en ase
NADPH + R e s a z u r in — nadP + R e s a r u f in
The Hanson and Snyder (1979) improvement t o  th e  H icks  and 
Carey  (1968) p ro c e d u re  was n o t  used  b eca u se  t h e  method proved  t o  have 
s e r i o u s  p rob lem s a s s o c i a t e d  w i th  a su p p le m e n ta ry  en zy m a tic  r e a c t i o n  
u s in g  g lu c o s e  o x id a s e  t o  c o r r e c t  f o r  n o n - s p e c i f i c  breakdown o f  o t h e r  
h e x o se s  ( i . e .  f r u c t o s e )  by g lu c o s e - 6 - p h o s p h a te  d e h y d ro g e n a se .  A cco rd in g  
to  Hanson and S n y d er ,  f r u c t o s e ,  in  p a r t i c u l a r ,  was e x p e c te d  to  cau se  
s u b s t a n t i a l  o v e r e s t i m a t i o n s  o f  g l u c o s e ,  s i n c e  i t  can  acc o u n t  f o r  a 
s u b s t a n t i a l  f r a c t i o n  o f  n a t u r a l l y  o c c u r r in g  d i s s o l v e d  h ex o ses  (Mopper, 
1977; Mopper et: a j l . , 1 9 8 0 ) .  P rob lem s e n c o u n te re d  w i th  th e  Hanson and 
Snyder p ro c e d u re  in c lu d e d  e x t re m e ly  h ig h  f lu o r e s c e n c e  o f  g lu c o s e  o x id a se  
and d i f f i c u l t  pH a d ju s tm e n ts  o f  w e l l  b u f f e r e d  n a t u r a l  w a te r  s a m p le s .
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To v e r i f y  n o n - s p e c i f i c  breakdown o f  f r u c t o s e ,  v a r y in g  r a t i o s
o f  g lu c o s e  and f r u c t o s e  w ere t r e a t e d  w i th  th e  H icks  and C arey  m ethod .
2-S in c e  h ig h  c o n c e n t r a t i o n s  o f  i o n s ,  SO^ in  p a r t i c u l a r ,  i n h i b i t  th e  
a c t i v i t y  o f  d e h y d ro g e n a se ,  th e  s u g a r s  were d i s s o l v e d  in  DW to  o p t im iz e  
t h e  e f f i c i e n c y  o f  th e  r e a c t i o n .  I t  was found t h a t  w i th  a t o t a l  hexose  
c o n c e n t r a t i o n  o f  200 nM, l e s s  th a n  25 % o f  f r u c t o s e  was b ro k en  down in  a 
100 % f r u c t o s e  s o l u t i o n ,  and l e s s  th a n  10 % in  a m ix tu r e  o f  50 % 
f r u c t o s e  and g l u c o s e .  C o n s id e r in g  t h a t ,  t h e  g l u c o s e : f r u c t o s e  r a t i o  in  
n a t u r a l  w a te r s  i s  a t  m ost 1 :1  (Mopper a d : . , 1 9 8 0 ) ,  th e  p r e s e n c e  o f 
f r u c t o s e  in  n a t u r a l  w a te r s  d id  n o t  c au se  s u b s t a n t i a l  o v e r e s t i m a t i o n s  o f  
g lu c o s e  u s in g  th e  H icks  and C arey  p r o c e d u r e .
A f t e r  th aw in g  th e  s a m p le s ,  3 ml were d i s p e n s e d  i n to  b la c k  
g l a s s  c u l t u r e  t u b e s ,  4 ml o f  DW added and 600 u l  o f  g lu c o s e  r e a g e n t  
c o n s i s t i n g  o f  0 .1  mM ATP, 10 mM M gC ^, 0 .2  mg/ml b o v in e  serum a lb u m in ,  
0 .8  u n i t s / m l  h e x o k in a s e  and 0 .4  u n i t s / m l  g lu c o s e - 6 - p h o s p h a te  
d eh y d ro g en ase  in  0 .0 5  M T r is (h y d ro x y m e th y l)a m in o m e th a n e  b u f f e r  w i th  pH 
7 .8 0  (5 .3 2  g Trizm a HC1 and 1 .97  g Trizm a Base in  1 1 DW). The tu b e s  
w ere th e n  c ap p ed , i n v e r t e d  3X and in c u b a te d  in  a  w a te r  b a th  a t  25 °C f o r  
two h o u r s .  A f t e r  th e  i n c u b a t i o n ,  60 y l  o f  a m ix tu r e ,  c o n s i s t i n g  o f  5 
p a r t s  d ia p h o r a s e  in  0 .0 5  M T r i s  b u f f e r  (1 .1 1 1  mg/ml) t o  1 p a r t  r e s a z u r i n  
i n  DW (0 .0 5 2  m g /m l) ,  were d is p e n s e d  to  a l l  tu b e s  and s o l u t i o n s  in c u b a te d  
a t  th e  same te m p e r a tu r e  f o r  a n o th e r  30 m in .
The s o l u t i o n s  were re a d  in  a T u rn e r  111 F lu o ro m e te r  eq u ipped  
w i th  a F4T 5-green  p h o sp h o r  lam p, a W ra t te n  No. 58 e x c i t a t i o n  f i l t e r  
o v e r l a i d  by a p o l a r o i d  f i l t e r  to  re d u c e  p o l a r i z e d  l i g h t  r e f l e c t e d  from 
th e  g l a s s  w a l l s  o f  c u v e t t e s ,  and a W ra t ten  No. 25 e m is s io n  f i l t e r .  The 
c u v e t t e  door c o n ta in e d  a f lo w - th ro u g h  te m p e ra tu re  s t a b i l i z i n g  c e l l  w i th
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w a te r  ru n n in g  from th e  i n c u b a t o r  b a th  t o  m in im ize  te m p e r a tu r e  i n c r e a s e s  
d u r in g  r e a d i n g s .  A l l  r e a g e n t s  w ere  a c q u i r e d  from Sigma Chem ical Co. in  
s o l i d  form and s t o r e d  a t  th e  recommended t e m p e r a t u r e s .  R eagent 
s o l u t i o n s  were made p r i o r  t o  e ach  i n c u b a t i o n .
S ta n d a r d s ,  c o n s i s t i n g  o f  DW b la n k s ,  0 .2 2  y l  f i l t e r e d  York 
R iv e r  (FYR) w a te r  b la n k s  and 100, 200 and 300 nM g lu c o s e  in  FYR ( t o  
c o n t r o l  f o r  s a l t  i n t e r f e r e n c e ) ,  w ere  made f r e s h  d a i l y .  A l l  s am p le s ,  
i n c lu d in g  th e  s t a n d a r d s ,  were ru n  in  d u p l i c a t e .  The s t a n d a r d  s e r i e s  was 
r e a d  tw ic e ,  a t  t h e  b e g in n in g  and a t  t h e  end o f  each  ru n ,  t o  check  f o r  
i n c r e a s e s  in  b la n k  f l u o r e s c e n c e  as  d i l u t e d  r e s a z u r i n  te n d s  t o  change 
c o l o r  w i th  t im e .  The l i m i t  o f  d e t e c t i o n  o f  t h i s  method ra n g e d  from 
20 nM t o  50 nM and % d e v i a t i o n  be tw een  a n a l y t i c a l  r e p l i c a t e s  a v e rag e d  < 
10 % and be tw een  f i e l d  sam pling  r e p l i c a t e s  < 15 %•
7 .  E p i f lu o r e s c e n c e  s l i d e  p r e p a r a t i o n  c o n s i s t e d  o f  a s l i g h t  
m o d i f i c a t i o n  o f  a t e c h n iq u e  d e v e lo p e d  by Haas (1 9 8 2 ) .  T h is  te c h n iq u e  
had th e  a d v a n ta g e  o f  e f f e c t i v e l y  p r e s e r v i n g  even th e  s m a l l e s t  
f l a g e l l a t e s  (< 3 um d i a . )  and a l lo w in g  th e  e n u m era t io n  o f  a l l  
n a n o p la n k to n ic  form s on th e  same s l i d e .  W ith e p i f l u o r e s c e n c e  
m ic ro s c o p y ,  th e  d i s t i n c t i o n  be tw een  a u to t r o p h y  and h e t e r o t r o p h y  i s  o f t e n  
p r o b l e m a t i c ,  due t o  t h e  d icho tom ous  n u t r i t i o n a l  mode w i t h i n  a g iv e n  
n a n o p la n k to n  c l a s s  ( i . e .  c ry p to m o n a d s ) .  T h is  d i s t i n c t i o n  i s  
d i f f i c u l t  w i th  th e  u se  o f  common f l u o r e s c e n t  s t a i n s ,  such  as  AODC 
( a c r i d i n e  o ra n g e  d i r e c t  co u n t  -  H obbie  t r t  a j t . , 1 9 7 7 ) ,  DAPI ( 4 " , 6 -  
d i a m i d i n o - 2 - p h e n i l in d o le  -  P o r t e r  and F e ig ,  1980; S h e r r  and S h e r r ,
1983a) and FITC ( f l u o r e s c e i n  i s o t h i o c y a n a t e  -  F l ie rm a n s  and S chm id t,  
1975; S h e r r  and S h e r r ,  1983b), w hich  te n d  to  mask c h lo r o p h y l l
a u t o f l u o r e s c e n c e  s u b s t a n t i a l l y .  However, w i th  th e  u se  o f  p r o f l a v i n  ( 3 -  
6 - d i a m in o a c r id in e  h e m i s u l f a t e , Sigma Chem ical C o . ) ,  a p r o t e i n  s p e c i f i c  
f lu o r o c h r o m e ,  r e d  a u t o f l u o r e s c e n c e  o f  p h o t o s y n t h e t i c  p igm en ts  was e a s i l y  
o b s e r v e d .  A u to f lu o r e s c e n c e  was i n c r e a s i n g l y  v i s i b l e  as g r e e n ,  
f l u o r e s c e n c e  o f  p r o f l a v i n  f a d e d ,  when a f i e l d  was i l l u m i n a t e d  f o r  
s e v e r a l  m in u te s .  P r o f l a v i n  s t a i n  has  th e  a d d i t i o n a l  a d v a n ta g e s  o f  
im prov ing  f l a g e l l a  v i s i b i l i t y ,  w h i le  m in im iz in g  backg round  f l u o r e s c e n c e .
Using s t e r i l e  d i s p o s a b l e  s y r i n g e s ,  2 ml o f  s u b s u r f a c e  w a te r  a t  
each  sam pling  t im e  w ere d i s p e n s e d  i n t o  s c i n t i l l a t i o n  v i a l s  c o n ta i n in g  
100 y l  o f  6 % g l u t a r a l d e h y d e  (Eastm an Kodak C o.) in  0 .2 2  ym f i l t e r e d  
York R iv e r  w a te r  ( f i n a l  c o n c e n t r a t i o n  o f  0 .3  % g l u t a r a ld e h y d e  in  
s a m p le s ) .  The v i a l s  were th e n  s w i r l e d  g e n t l y ,  k e p t  o v e r  i c e  and b ro u g h t  
t o  th e  l a b  w here  th e y  were s t o r e d  a t  0 -5  °C an a v e ra g e  o f  3 -4  days 
b e f o r e  s l i d e  p r e p a r a t i o n .  C o n t r o l s  f o r  d i f f e r e n t  s t o r a g e  p e r io d s  were 
done th ro u g h o u t  t h e  w hole  sam p lin g  sp a n .
Samples were f i x e d  im m ed ia te ly  in  th e  f i e l d ,  s i n c e  
t r a n s p o r t i n g  u n p re s e rv e d  w a te r  back  t o  th e  la b  in  N algene  b o t t l e s  a lw ays 
seemed t o  cau se  some c e l l  d i s r u p t i o n .  S m a l le r  b r i t t l e  f l a g e l l a t e d  form s 
a p p e a re d  b e t t e r  p r e s e r v e d  by p ro lo n g e d  f i x i n g  p e r io d s  ( a t  l e a s t  24 
h o u r s ) ,  so t h a t  no d e t e c t a b l e  b u r s t i n g  o f  c e l l s  o c c u r re d  d u r in g  
f i l t r a t i o n .  A few d i s r u p t e d  c e l l s  (ev en  h a r d i e r  d i n o f l a g e l l a t e s )  w ere  
u s u a l l y  o b s e r v e d ,  when sam ples were f ix e d  f o r  th e  s h o r t  p e r io d s  o f  tim e 
(< 5 m in) recommended in  th e  o r i g i n a l  p r o c e d u r e .  However, f i x e d  w a te r  
sam ples can n o t  be s t o r e d  f o r  more th a n  24 h o u rs  i f  t h e  a c c u ra c y  o f  
a b s o l u t e  c o u n ts  o f  b a c t e r i a  i s  c r i t i c a l .  H e t e r o t r o p h i c  b a c t e r i a  c o u n ts  
d e c r e a s e d  an a v e ra g e  o f  3 -5  % when v i a l s  were s t o r e d  1-2  d a y s ,  however 
c o u n ts  d e c r e a s e d  an a v e ra g e  o f  25-30 % w i th  s t o r a g e  p e r io d s  r a n g in g  from
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8 days t o  one m onth . B a c t e r i a l  d e s i n t e g r a t i o n  in  th e  v i a l s  seemed to  
s t a b i l i z e  a f t e r  a week, s i n c e  c o n t r o l s  f o r  3 months s t o r a g e  showed th e  
same amount o f  breakdow n. M ostly  s m a l l e r  s i z e  b a c t e r i a  (<  0 .5  ym) 
te n d e d  to  d i s a p p e a r .  T h e r e f o r e ,  b a c t e r i a  c o u n ts  f o r  th e  s m a l l e r  s i z e  
f r a c t i o n  may have  been  u n d e r e s t im a te d  by an a v e ra g e  o f  10 % in  t h i s  
s tu d y .
P r o f l a v i n  was added to  th e  v i a l s  (40 y l  o f  0 .0 3 3  % in  DW, 0 .2 2
ym f i l t e r e d )  p r i o r  t o  f i l t r a t i o n  w i th  g e n t l e  vacuum p r e s s u r e  (< 3 cm
m e rc u ry )  o n to  a 0 .2 2  ym 25 mm i r g a l e n  b la c k  s t a i n e d  N u c lep o re  f i l t e r  
(W atson njt a i . , 1977) o v e r ly in g  a 0 .4 5  ym M i l l i p o r e  f i l t e r  on a 
s t a i n l e s s  s t e e l  mesh f i l t r a t i o n  a p p a r a t u s .  The f i l t e r s  were th e n  
mounted on s t a n d a r d  g l a s s  s l i d e s  w i th  C a r g i l l e s  Type LF im m ersion  o i l  
( c o n t a i n i n g  PCB) and s t a n d a r d  c o v e r  s l i p s .  S l i d e s  were f r o z e n  
im m ed ia te ly  a t  -20  °C and c o u ld  be s t o r e d  t h i s  way f o r  ex ten d e d  p e r io d s  
o f  t im e  (up t o  6 m onths) w i th o u t  any a p p a r e n t  c e l l u l a r  d e t e r i o r a t i o n .
S l i d e s  were o b se rv e d  w i th  a  Z e i s s  S ta n d a rd  M icroscope  eq u ipped
w i th  a 12 V, 100 W t u n g s t e n  h a lo g e n  lamp, BP 450-490 e x c i t a t i o n  f i l t e r ,
FT 510 beam s p l i t t e r ,  LP 528 b a r r i e r  f i l t e r  and a 100X P lan ap o ch ro m at 
1 .2 5  NA o i l  im m ersion o b j e c t i v e .  U n a t ta c h e d  h e t e r o t r o p h i c  b a c t e r i a  were 
co u n ted  p e r  l i n e  on an o c u l a r  g r i d  u n t i l  a t o t a l  o f  300 was re a c h e d ,  
w h ereas  a t t a c h e d  b a c t e r i a  w ere  c o u n te d  on th e  s u r f a c e  o f  p a r t i c l e s  
e n c o u n te re d  in  a ra n g e  o f  10-20 g r i d  l i n e s .  E u k a ry o t i c  c e l l s  were 
en um era ted  w i t h i n  a ra n g e  o f  40-100  f i e l d s  d epend ing  on th e  c e l l  d e n s i t y  
o f  th e  s l i d e .  A c c u ra te  c i l i a t e  c o u n ts  c o u ld  n o t  be o b ta in e d  u s in g  t h i s  
p r o c e d u r e ,  s i n c e  th e s e  m ic ro o rg a n ism s  were p r e s e n t  in  r e l a t i v e l y  low 
c o n c e n t r a t i o n s  (2  o r d e r s  o f  m ag n itu d e  low er th a n  h e t e r o t r o p h i c  
f l a g e l l a t e s ) .  P e r c e n t  d e v i a t i o n  o f  c e l l  c o u n ts  betw een  r e p l i c a t e  s l i d e s
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a v e ra g e d  10 % f o r  a u t o t r o p h s ,  15 % f o r  h e t e r o t r o p h i c  f l a g e l l a t e s  and 5 % 
f o r  u n a t t a c h e d  b a c t e r i a .
S t a t i s t i c a l  A n a ly se s
A l l  r e s u l t s  were a n a ly z e d  u s in g  SPSS R e le a se  9 s t a t i s t i c s  and 
g r a p h i c s ,  a v a i l a b l e  on t h e  Prim e 850 com puter a t  th e  V i r g i n i a  I n s t i t u t e  
o f  M arine  S c ie n c e .  Raw d a t a ,  SPSS f i l e  b u i l d i n g  program  and t h e s i s  t e x t  
a r e  s t o r e d  p e rm a n e n t ly  on t a p e  in  a r c h i v e  f i l e s  HELENA>HG01,
HELENA>BUILD and HELENA>MUSE, r e s p e c t i v e l y ,  a t  t h e  V .I .M .S .  Computer 
C e n t e r .
RESULTS
S hort-T e rm  vs  Long-Term V a r i a t i o n s
A co m p ar iso n  o f  s a l i n i t y  and in o r g a n ic  n u t r i e n t s  d a t a ,  t o  
a s s e s s  l a t e r a l  h e t e r o g e n e i t y  w i t h i n  th e  embayment, r e v e a l e d  t h a t  
c o n d i t i o n s  a t  s t a t i o n  4 g e n e r a l l y  ap p ro x im a te d  th o s e  a t  s t a t i o n  1 , b u t  
t h a t  c o n d i t i o n s  a t  s t a t i o n  5 w ere c l o s e r  t o  s t a t i o n  3 th a n  t o  s t a t i o n  2 .  
T h is  seemed to  r e f l e c t  th e  p a t t e r n  o f  w a te r  f lo w ,  w hich  was o b se rv ed  t o  
e n t e r  th e  embayment a lo n g  th e  s o u th e r n  s h o r e .  S in c e  th e  two a l t e r n a t e  
s t a t i o n s  were n o t  sam pled w i th  th e  same f r e q u e n c y  as th e  t h r e e  main 
s t a t i o n s  ( s e e  T a b le  1 ) ,  t h e  fo l lo w in g  a n a ly s e s  o f  r e s u l t s  w i l l  be 
r e s t r i c t e d  t o  th e  t h r e e  main s t a t i o n s .  F u r th e rm o re ,  s i n c e  th e  sam pling  
s t r a t e g y  was n o t  d e s ig n e d  to  i s o l a t e  th e  e f f e c t s  o f  s p r in g - n e a p  t i d e s  
( s e e  T ab le  1) and s in c e  th e  lo n g - te rm  p e r i o d i c i t y  o f  e n v iro n m e n ta l  
m easurem en ts  c o u ld  be e x p la in e d  m a in ly  by a l t e r n a t i n g  h ig h  t i d e - l o w  t i d e  
w eek ly  s a m p l in g ,  r e s u l t s  w i l l  n o t  be s y s t e m a t i c a l l y  a n a ly z e d  f o r  s p r i n g -  
neap  p e r i o d i c i t y .
D a i ly  means f o r  d i f f e r e n t  sam pling  d a t e s  were c a l c u l a t e d  w i th  
+ 1 s t a n d a r d  d e v i a t i o n s  as  a r e l a t i v e  e s t i m a t e  o f  d a i l y  f l u c t u a t i o n s  f o r  
th e  p e r io d  sam pled from 21 J u l y  t o  21 December 1982, and f o r  J a n u a ry  and 
A p r i l  1983. S h o r t - t e r m  v a r i a b i l i t y  was d e f in e d  as  h o u r ly  v a r i a t i o n s  
w i t h i n  a t i d a l  c y c le  and lo g - t e r m  v a r i a b i l i t y  as  v a r i a t i o n s  betw een
17
18
w eekly  t i d a l  c y c l e s .  S e a so n a l  t r e n d s  r e f e r r e d  t o  lo n g - te rm  v a r i a t i o n s  
r e l a t e d  to  d e c r e a s in g  w a te r  t e m p e r a tu r e s  from summer t o  w i n t e r .
T em p era tu re  and S a l i n i t y
W ater t e m p e r a tu r e s  (F ig u re  3) d e c r e a s e d  g r a d u a l l y  from l a t e  
Sep tem ber t o  l a t e  December, w i th  a p ronounced  d e c r e a s e  d u r in g  O c to b e r .  
A p r i l  1983 was u n u s u a l  in  t h a t  w a te r  t e m p e r a tu r e s  d ropped  t o  low l e v e l s  
( < 1 0  °C) f o r  s e v e r a l  days in  th e  m id d le  o f  th e  m onth . On A p r i l  18, 
w a te r  t e m p e r a tu r e s  d ropped  below  5 °C and a s n o w f a l l  o c c u r re d  (2 -7  cm) 
i n  th e  l a t e  a f t e r n o o n  (NOAA, 1 9 8 3 ) .  S t a t i o n  1 e x h i b i t e d  l a r g e r  s h o r t ­
te rm  and lo n g - te r m  v a r i a t i o n s  th a n  th e  o t h e r  two s t a t i o n s .
S a l i n i t i e s  (F ig u r e  4) rem ained  r e l a t i v e l y  h ig h  (1 7 -2 2  p p t  
r a n g e )  from summer t o  e a r l y  f a l l  due t o  low p r e c i p i t a t i o n  (m on th ly  
t o t a l s  2 -5  cm low er th a n  n o rm a l)  from May th ro u g h  Sep tem ber (NOAA,
1 9 8 2 ) .  S a l i n i t i e s  d e c r e a s e d  c o n s id e r a b ly  th ro u g h o u t  th e  re m a in in g  
sam p lin g  p e r io d  w i th  in c r e a s e d  r a i n f a l l  d u r in g  th e  f a l l  and w i n t e r  
(m o n th ly  t o t a l s  2—5 cm h i g h e r  th a n  n o rm a l ) .  S a l i n i t i e s  in  A p r i l  1983 
had d ropped  t o  13-14  p p t  and on A p r i l  18 d ropped to  10 p p t  in  th e  l a t e  
a f t e r n o o n  due to  s n o w f a l l .  S a l i n i t i e s  a l s o  showed l a r g e r  s h o r t - t e r m  
v a r i a t i o n s  a t  s t a t i o n  1 th a n  a t  t h e  o t h e r  two s t a t i o n s .
D is s o lv e d  I n o r g a n ic  N u t r i e n t s
Ammonium (F ig u r e  5) and n i t r a t e  (F ig u re  6) showed c o n s id e r a b l e  
s h o r t - t e r m  and lo n g - te r m  v a r i a b i l i t y  a t  a l l  t h r e e  s t a t i o n s .  N i t r a t e  
lo n g - te r m  v a r i a b i l i t y  was dampened in  th e  summer and e a r l y  f a l l  and 
i n c r e a s e d  in  m ag n itu d e  in  l a t e  f a l l  and w i n t e r ,  w hereas  ammonium v a r i e d  
g r e a t l y  th ro u g h o u t  th e  sam pling  p e r i o d .  Both ammonium and n i t r a t e
19
F ig u r e  3 .  W ater te m p e r a tu r e  d a i l y  means.
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F i g u r e  4 .  S a l i n i t y  d a i l y  m e a n s .
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e x h i b i t e d  s u b s t a n t i a l  h e t e r o g e n e i t y  between s t a t i o n s  w i t h  h i g h  d a i l y  
mean v a l u e s  r a r e l y  c o i n c i d i n g  a t  a l l  t h r e e  s t a t i o n s .  N o ta b le  e x c e p t i o n s  
were  t h e  b imodal  peak  i n  O c to b e r  p r e c e d e d  by a s i n g l e  s m a l l e r  peak  in  
S ep tem be r ,  which  o c c u r r e d  on t h e  same d a t e s  a t  t h e  t h r e e  s t a t i o n s .  
P e a r s o n  c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  were  c a l c u l a t e d  among d i f f e r e n t
b i o l o g i c a l  and ch em ica l  p a r a m e t e r s  ( i n c l u d i n g  s a l i n i t y  and t e m p e r a t u r e ) .
2
A b s o l u t e  v a l u e s  o f  r  ^  0 .5  w i t h  P=0.000 ( r  ^  0 .2 5  o r  ^  25 % p r e d i c t e d  
v a r i a b i l i t y )  were  t a k e n  as an i n d i c a t i o n  t h a t  some c o r r e l a t i o n  e x i s t e d  
be tween  v a r i a b l e s .  Using  t h e s e  c r i t e r i a ,  ammonium c o n c e n t r a t i o n s  were 
n o t  w e l l  c o r r e l a t e d  w i t h  any b i o l o g i c a l  o r  ch em ica l  p a r a m e t e r s .
While no s e a s o n a l  t r e n d s  were o b s e r v ed  f o r  ammonium, mean 
v a l u e s  o f  n i t r a t e  showed an i n c r e a s i n g  t r e n d  from summer t o  w i n t e r ,  
super im posed  on O c to b e r  maxima, p a r t i c u l a r l y  a t  s t a t i o n s  2 and 3 ( F i g u r e  
6 ) .  N i t r a t e  c o n c e n t r a t i o n s  were  low from J u l y  t o  September (< 1 yM) a t  
t h e s e  s t a t i o n s  and i n c r e a s e d  t o  h i g h  l e v e l s  (> 4 y M )  i n  O c to b e r  and 
December.  N i t r a t e  was found t o  be i n v e r s e l y  r e l a t e d  t o  b o th  t e m p e r a t u r e  
and s p e c i f i c  components  o f  t h e  n a n o p la n k t o n  p o p u l a t i o n  a t  t h e s e  two 
s t a t i o n s .  P e a r s o n  c o r r e l a t i o n  c o e f f i c i e n t s  be tween n i t r a t e  
c o n c e n t r a t i o n s  and e i t h e r  f r e e  h e t e r o t r o p h i c  b a c t e r i a  o r  t o t a l  
e u k a r y o t i c  a u t o t r o p h s  a v e r a g e d  - 0 . 6  (P =0 .000 )  f o r  s t a t i o n s  2 and 3 .  
H ig h e r  n e g a t i v e  c o r r e l a t i o n s  were  found be tw een  n i t r a t e  and t e m p e r a t u r e  
( r  = - 0 . 6  t o  - 0 . 7 ,  P = 0 .0 0 0 ) .
N i t r i t e  ( F i g u r e  7 )  showed more c o n s e r v a t i v e  b e h a v i o u r  b o th  in  
space  and in  t i m e .  The b a s e l i n e  l e v e l  f o r  n i t r i t e  s t a y e d  w i t h i n  na r ro w  
l i m i t s  ( 0 . 2 - 0 . 3  yM p r i o r  t o  t h e  l a s t  week in  September  and 0 . 5 - 0 . 7  yM 
a f t e r  t h e  l a s t  week i n  O c to b e r )  a t  a l l  t h r e e  s t a t i o n s .  The p ronounced  
n i t r i t e  i n c r e a s e s  in  September  and O c to b e r  c o i n c i d e d  w i t h  ammonium and
22
F i g u r e  5 .  Ammonium d a i l y m e a n s •
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F i g u r e  6 .  N i t r a t e  d a i l y  m e an s .
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F i g u r e  7 .  N i t r i t e  d a i l y  m e ans .
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n i t r a t e  maxima. High n i t r i t e  was d e t e c t e d  o v e r  a week p e r i o d  a t  t h e  end 
o f  September  w i t h  v a l u e s  r e a c h i n g  3 yM a t  t h e  r i v e r  s t a t i o n  on September  
28 .  Maxima in  O c to b e r  exceeded  6 yM a t  t h i s  s t a t i o n  (20X h i g h e r  th a n  
b a s e l i n e  l e v e l s )  and e x ten d e d  o v e r  a t h r e e  week p e r i o d  from O c to b e r  12 
t o  November 3 .  High n i t r i t e  c o n c e n t r a t i o n s  d ev e lo p e d  and d i s a p p e a r e d
w i t h i n  t im e  i n t e r v a l s  o f  4-6  d a y s .
P h o s p h a te  ( F i g u r e  8) o n ly  showed s u b s t a n t i a l  s h o r t - t e r m  
v a r i a t i o n s  a t  t h e  marsh  s t a t i o n .  Mean v a l u e s  showed a d e c r e a s i n g  t r e n d  
from summer t o  w i n t e r  a t  a l l  t h r e e  s t a t i o n s ,  a l t h o u g h  t h i s  t r e n d  was n o t  
as  e v i d e n t  a t  s t a t i o n  1 .  P h o s p h a te  c o n c e n t r a t i o n s  were  c o n s i d e r a b l y  
h i g h e r  a t  t h i s  s t a t i o n  t h r o u g h o u t  t h e  sam pl ing  p e r i o d ,  p a r t i c u l a r l y  in  
t h e  summer.  P h o s p h a te  v a l u e s  a t  t h e  marsh s t a t i o n  in  t h e  summer u s u a l l y
i n c r e a s e d  r a p i d l y  o v e r  a two h o u r  p e r i o d  d u r in g  l a t e  ebb ,  r e a c h i n g
l e v e l s  2-3  X th a n  t h e  r i v e r  s t a t i o n  a t  low t i d e  ( s e e  T a b le  3 f o r  some 
e x a m p l e s ) .  P h o sp h a te  was p o s i t i v e l y  c o r r e l a t e d  w i t h  t e m p e r a t u r e  a t  t h e  
t h r e e  s t a t i o n s .  P e a r s o n  c o r r e l a t i o n  c o e f f i c i e n t s  were  h i g h e r  a t  
s t a t i o n s  2 and 3 ( r = 0 . 7 ,  P=0 .000)  th a n  a t  t h e  marsh  s t a t i o n  ( r = 0 . 5 ,  
P - 0 . 0 0 0 ) .  T h i s  lower  c o r r e l a t i o n  was p r o b a b l y  due t o  l a r g e r  s h o r t - t e r m  
f l u c t u a t i o n s  i n  t e m p e r a t u r e  a t  t h i s  s t a t i o n .  P h o s p h a te  was a l s o  
p o s i t i v e l y  c o r r e l a t e d  w i t h  e s t i m a t e s  o f  p h y t o p l a n k t o n  b io m a s s .  
C o r r e l a t i o n  c o e f f i c i e n t s  o f  p h o s p h a te  w i t h  c h l o r o p h y l l  a  and t o t a l  
e u k a r y o t i c  a u t o t r o p h s  r a n g e d  from 0 . 5  t o  0 .7  (P=0 .000)  a t  s t a t i o n s  1 and 
2 ,  b u t  were  lower  ( r  < 0 . 5 )  a t  s t a t i o n  3 i n  t h e  r i v e r .
D i s s o l v e d  G lucose
Glucose  v a l u e s  ( F i g u r e  9a) ranged  from v i r t u a l l y  u n d e t e c t a b l e  
( < 5 0  nM) t o  2 yM. T here  were  no w e l l - d e f i n e d  s e a s o n a l  t r e n d s  in  d a i l y
26
F i g u r e  8 .  P h o s p h a t e  d a i l y  m e an s .
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mean c o n c e n t r a t i o n s ,  b u t  t h e  m ag n i tu d e  o f  p u l s e s  seemed low er  d u r i n g  
l a t e  f a l l  and w i n t e r  th a n  e a r l i e r *  G lucose  p u l s e s  showed s u b s t a n t i a l  
s p a t i a l  h e t e r o g e n e i t y ,  s i n c e  h i g h  d a i l y  mean v a l u e s  r a r e l y  c o i n c i d e d  a t  
a l l  t h r e e  s t a t i o n s  ( F i g u r e s  9a and 9 b ) .  One e x c e p t i o n  o c c u r r e d  on 
Sep tember  28 ,  when g l u c o s e  r e a c h e d  an o v e r a l l  maximum f o r  t h e  e n t i r e  
s am pl ing  s p a n .  C o n c e n t r a t i o n s  on t h a t  day i n c r e a s e d  r a p i d l y  a t  a l l  
t h r e e  s t a t i o n s  from e a r l y  morning  t o  t h e  m id d le  o f  t h e  a f t e r n o o n  ( F i g u r e  
9 c ) • V a lues  r e a c h e d  2 yM a t  s t a t i o n s  1 and 3 i n  t h e  m id d le  o f  t h e  
a f t e r n o o n ,  b u t  d e c r e a s e d  t o  1 .3  yM two ho u rs  l a t e r .  Peak g l u c o s e  v a l u e s  
c o i n c i d e d  w i t h  t h e  t e m p e r a t u r e  maximum f o r  t h a t  d a y .  P h y t o p l a n k t o n  c e l l  
c o u n t s  (d o m in a ted  by p h y t o f l a g e l l a t e s )  were  r e l a t i v e l y  h i g h  on Sep tember  
28 ( 3 - 4  X 104 c e l l s / m l ) , w h i l e  u n a t t a c h e d  h e t e r o t r o p h i c  b a c t e r i a  had 
d e c r e a s e d  from a ra n g e  o f  8 -12  X 10 c e l l s / m l  on September  9 t o  a r an g e  
o f  5 -8  X 10^ c e l l s / m l  on Sep tember  28.  T h i s  g l u c o s e  maximum o c c u r r e d  
when c o n c e n t r a t i o n s  o f  n i t r i t e  were  h i g h .
A l though  n e i t h e r  p h y t o p l a n k t o n  c o u n t s  n o r  c h l o r o p h y l l  a. were 
s i g n i f i c a n t l y  c o r r e l a t e d  w i t h  g l u c o s e  ( r  > 0 . 5 ,  P = 0 .0 0 0 ) ,  t h e r e  was 
e v i d e n c e  o f  d a i l y  p e r i o d i c i t y  o f  g l u c o s e  p u l s e s  t h r o u g h o u t  t h e  e n t i r e  
sam p l in g  p e r i o d .  H our ly  m easurem ents  r e v e a l e d  t h a t  h i g h  g l u c o s e  v a l u e s  
t e n d e d  t o  o c c u r  i n  t h e  m i d - a f t e r n o o n  r e g a r d l e s s  o f  s t a t i o n  o r  t i d a l  
s t a g e  and were  r a r e l y  d e t e c t e d  o v e r  two c o n s e c u t i v e  sam pl ing  t im e s  ( s e e  
examples  i n  F i g u r e  9 b ) .  When a l l  g l u c o s e  measurements  were  s e p a r a t e d  
i n t o  m orn ing  (DST dawn t o  noon mean -  200 nM) and a f t e r n o o n  (DST noon t o  
dusk  mean = 280 nM), a n a l y s i s  o f  v a r i a n c e  (ANOVA) r e v e a l e d  a s i g n i f i c a n t  
d i f f e r e n c e  be tween  t h e s e  two p e r i o d s  (P as0 . 0 0 2 ) .
F i g u r e  9 a .  G l u c o s e  d a i l y
28
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F i g u r e  9 b ,  S h o r t - t e r m  v a r i a t i o n s  o f  d i f f e r e n t  
p a r a m e t e r s  on 28 September  1982.
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F i g u r e  9c S h o r t - t e r m  v a r i a t i o n s  in  g l u c o s e  
on d i f f e r e n t  d a t e s .
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N anop lank ton  P o p u l a t i o n  
A u to t r o p h s
F or  t h e  p u r p o s e s  o f  s t a t i s t i c a l  a n a l y s e s ,  p h y t o p l a n k t o n  c e l l
c o u n t s  were  d i v i d e d  i n t o  s i x  d i f f e r e n t  c a t e g o r i e s  r e p r e s e n t i n g  a
compromise be tween  taxonomic  and s i z e  c l a s s e s .  F i g u r e  10 summarizes
m o n th ly  means and r e l a t i v e  abundances  o f  v a r i o u s  g ro u p s  o f  e u k a r y o t i c
a u t o t r o p h s .  Diatoms were  s e p a r a t e d  i n t o  t h r e e  s e p a r a t e  g r o u p s .
N i t z s c h i a  c l o s t e r i u m  ( s e e  Cam pbel l ,  1973 f o r  a s p e c i e s  d e s c r i p t i o n )  was
co u n ted  as  a s e p a r a t e  g ro u p ,  b e ca u s e  t h i s  s p e c i e s  was e a s i l y
r e c o g n i z a b l e  and was u b i q u i t o u s  t h r o u g h o u t  t h e  sam pl ing  s p a n .  I t  seemed
t o  c o n s t i t u t e  a dominant  component o f  t h e  d ia to m  p o p u l a t i o n  i n  a v e r a g e
3
r e l a t i v e  abundance  ( o v e r a l l  mean = 5 X 10 c e l l s / m l ) .  O th e r  p e n n a t e  
d ia to m s  r e p r e s e n t e d  a n o t h e r  g ro u p ,  w h i l e  a l l  o t h e r  d ia to m s  - i n c l u d i n g  
c e n t r i c  and c h a i n  d ia to m s  ( i . e .  T h a l a s s i o s i r a , S k e le tonem a,
C h a e t o c e r o s ) -  c o n s t i t u t e d  a t h i r d  g ro u p .
D i n o f l a g e l l a t e s  were  enum era ted  as a s e p a r a t e  g r o u p ,  b u t  were 
i n c l u d e d  in  t h e  p l o t s  o f  p h y t o f l a g e l l a t e s , b e c a u s e  t h e i r  r e l a t i v e  
abundance  was a lways  c o n s i d e r a b l y  s m a l l e r  th a n  o t h e r  a u t o t r o p h i c
f l a g e l l a t e s  ( F i g u r e  1 0 ) .  D i n o f l a g e l l a t e  c o n c e n t r a t i o n s  u s u a l l y  rem a ined
3 3below 1 .0  X 10 c e l l s / m l  ( o v e r a l l  mean = 0 . 4  X 10 c e l l s / m l ) ,  e x c e p t  f o r
some i n f r e q u e n t  p u l s e s  when c o u n t s  i n c r e a s e d  2-3  X f o r  s h o r t  p e r i o d s  o f
t im e  (< 4 h o u r s ) .  There  were  no a p p a r e n t  s e a s o n a l  t r e n d s  in
d i n o f l a g e l l a t e  mean c o n c e n t r a t i o n s ,  a l t h o u g h  p u l s e s  i n  e a r l y  w i n t e r  ( 3 - 4  
3
X 10 c e l l s / m l )  a t  t h e  m arsh  s t a t i o n  r e a c h e d  h i g h e r  v a l u e s  t h a n  i n
3
summer o r  f a l l  ( 1 - 2  X 10 c e l l s / m l ) .  T h e i r  r e l a t i v e  abundance  i n c r e a s e d  
i n  t h e  w i n t e r  and in  t h e  s p r i n g .
32
F i g u r e  10 .  Monthly  mean c o n c e n t r a t i o n s  and r e l a t i v e  
abundances  o f  e u k a r y o t i c  p h y t o p l a n k t o n .
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O th e r  s m a l l e r  p h y t o f l a g e l l a t e s  ( i . e .  C ryp tomonas ,
Pyramimonas) ,  t h e  m a j o r i t y  o f  wh ich  were  i n  a s m a l l  d i a m e t e r  s i z e  r a n g e
(3 - 6  mm), r e p r e s e n t e d  a n o t h e r  g r o u p .  L a r g e r  t y p e s ,  such  as
E u g len o p h y te s  and C h ry so p h y tes  ( i . e .  Apedine11a  r a d i a n s ) , were  coun ted
i n d i v i d u a l l y .  Even though  t h e s e  l a r g e  p igm en ted  f l a g e l l a t e s  were
u b i q u i t o u s  t h r o u g h o u t  t h e  sam pl ing  p e r i o d ,  t h e i r  c o n c e n t r a t i o n s  n e v e r  
2
exceeded  1 X 10 c e l l s / m l  and were  added t o  t h e  p h y t o f l a g e l l a t e  g r o u p .  
C y a n o b a c t e r i a ,  t h e  m a j o r i t y  o f  which  e x h i b i t e d  c o c c o id  shapes  w i t h  1-2  
U^n a v e r a g e  d i a m e t e r  and f l u o r e s c e d  o range -b row n  t o  g r e e n  ( i . e .  
S y n e c h o c o c c u s , S y n e c h o c y s t i s ) , c o n s t i t u t e d  a s i x t h  g ro u p .  These  were  
u s u a l l y  p r e s e n t  i n  t h e  form o f  a g e o m e t r i c  l o o s e  c o l o n i e s ;  few 
f i l a m e n t o u s  forms were  o b s e r v e d .  The s i z e  o f  c o l o n i e s  t e n d e d  t o  
d e c r e a s e  s e a s o n a l l y  w i t h  an a v e r a g e  o f  6 -8  c e l l s / c o l o n y  in  t h e  summer 
and 2 -4  c e l l s / c o l o n y  i n  t h e  w i n t e r .
T o t a l  c h l o r o p h y l l  a; d a i l y  means ( F i g u r e  11) r e a c h e d  a maximum 
i n  l a t e  August (120 jag/1) and d e c r e a s e d  t o  a minimum i n  t h e  m id d le  o f  
O c to b e r  (5 j j g / l ) .  The marsh  s t a t i o n  e x h i b i t e d  t h r e e  s u b s t a n t i a l  
c h l o r o p h y l l  p u l s e s  i n  l a t e  f a l l  -  e a r l y  w i n t e r ,  which were  n o t  a p p a r e n t  
a t  t h e  o t h e r  two s t a t i o n s .  Maximum d a i l y  mean c o n c e n t r a t i o n s  in  t o t a l  
d ia to m s  ( F i g u r e  12) were  r e a c h e d  i n  August and d e c r e a s e d  t o  a minimum in  
t h e  m i d d l e  o f  O c to b e r  a t  a l l  t h r e e  s t a t i o n s .  S t a t i o n  1 e x h i b i t e d  
s e v e r a l  m in o r  i n c r e a s e s  i n  l a t e  f a l l  -  e a r l y  w i n t e r ,  which  were n o t  as 
e v i d e n t  a t  t h e  o t h e r  two s t a t i o n s .  The d ia to m  p o p u l a t i o n  a t  a l l  t h r e e  
s t a t i o n s  were  dom ina ted  by p e n n a t e  forms t h r o u g h o u t  t h e  sam pl ing  p e r i o d .  
S p e c i e s  t e n d e d  t o  be l a r g e r  in  t h e  w i n t e r  (80-140  jam l o n g ,  5-7  ym wide)  
th a n  in  t h e  summer (40 -80  jam l o n g ,  3 -5  ym w i d e ) .
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F i g u r e  1 1 .  C h l o r o p h y l l  a  d a i l y  m e ans .
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Very l a r g e  numbers  o f  an u n u s u a l  s p e c i e s  o f  s m a l l  p e n n a te  
d ia to m s  ( 5 - 6  ym long and 3 yim w ide )  were  o b s e r v e d  a t  a l l  t h r e e  s t a t i o n s  
on August 23 .  Maximum c e l l  c o u n t s  ( 1 . 0  X 10^ c e l l s / m l )  were  d e t e c t e d  a t  
t h e  r i v e r  s t a t i o n  d u r i n g  e a r l y  f l o o d .  C e l l s  c o m p r i s in g  t h i s  ' b l o o m '  
a p p e a r e d  s e n e s c e n t ,  s i n c e  r e d  a u t o f l u o r e s c e n c e  o f  c h l o r o p h y l l  was fad ed  
and many empty t e s t s  were p r e s e n t .  However,  c h l o r o p h y l l  b a s i c / a c i d i c  
r a t i o s ,  which  gave  an i n d i c a t i o n  o f  t h e  amount o f  d eg rad ed  p ig m e n t ,  were  
n o t  low er  th a n  u s u a l  d u r i n g  t h i s  p e r i o d  ( 1 . 4  -  1 . 6 ) .  A n o th e r  
p o s s i b i l i t y  i s  t h a t  t h i s  s p e c i e s  had v e r y  low s p e c i f i c  c h l o r o p h y l l  *  
c o n t e n t .  I t  seemed j u s t i f i a b l e  t o  omit  t h i s  ' b lo o m '  from F i g u r e s  10 and 
12 , s i n c e  i t  o c c u r r e d  o n ly  on one sam pl ing  d a t e  and p r o b a b l y  r e p r e s e n t e d  
a r a r e  e v e n t  i n  t h e  t i d a l  embayment o v e r  t h e  s e a s o n a l  p e r i o d  sam pled .
P h y t o f l a g e l l a t e s  ( d i n o f l a g e l l a t e s  i n c l . )  r e a c h e d  a s e a s o n a l  
maximum i n  Sep tember  a t  a l l  t h r e e  s t a t i o n s  w i t h  d a i l y  means a ro u n d  2-3 X
4
10 c e l l s / m l  ( F i g u r e  1 3 ) .  C e l l  c o u n t s  d e c r e a s e d  s h a r p l y  t h r o u g h o u t  
O c to b e r  and r e a c h e d  a minimum in  November a t  s t a t i o n s  2 and 3 ;  a t  t h e  
m arsh  s t a t i o n ,  a f t e r  a s h a r p  d e c r e a s e  i n  O c to b e r ,  p h y t o f l a g e l l a t e s  
e x h i b i t e d  t h r e e  d i s t i n c t  ' b l o o m s '  w i t h  d e c r e a s i n g  mean v a l u e s  d u r i n g  
l a t e  f a l l  -  e a r l y  w i n t e r .  These  p h y t o f l a g e l l a t e  p u l s e s  o c c u r r e d  on t h e  
same d a t e s  as  d ia to m  and c h l o r o p h y l l  «  p u l s e s  and p e r s i s t e d  o n l y  o v e r  
two c o n s e c u t i v e  sam p l in g  t im e s  d u r i n g  t h e  t i d a l  c y c l e  ( s e e  F i g u r e  2 5 ) .
Maximum d a i l y  means o f  c y a n o b a c t e r i a  ( F i g u r e  14) were  o b s e r v e d  
i n  J u l y  a t  a l l  t h r e e  s t a t i o n s ,  w i t h  h i g h e s t  mean v a l u e s  a t  t h e  m u d f l a t  
s t a t i o n  (6 X 104 c e l l s / m l )  and lo w e s t  mean v a l u e s  a t  t h e  marsh  s t a t i o n  
(3 X 104 c e l l s / m l ) .  However,  m id d le  o f  August and e a r l y  Sep tember  
maxima were  h i g h e r  a t  t h e  marsh  s t a t i o n  th a n  a t  t h e  o t h e r  two s t a t i o n s .
A s h a r p  d e c r e a s e  i n  numbers o c c u r r e d  on August  16 a t  a l l  t h r e e  s t a t i o n s .
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F i g u r e  1 2 .  D ia tom s  d a i l y  m e a n s .
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F i g u r e  13 .  P h y t o f l a g e l l a t e s  d a i l y  means.
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F i g u r e  1 4 .  C y a n o b a c t e r i a  d a i l y  m e a n s .
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From t h e  b e g i n n i n g  o f  O c to b e r ,  c y a n o b a c t e r i a  rem a ined  a t  low background
3
c o n c e n t r a t i o n s  f o r  t h e  r e m a in d e r  o f  t h e  sam p l in g  span  (< 1 X 10 
c e l l s / m l ) .
To a s s e s s  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e  d i f f e r e n t  
p h y t o p l a n k t o n  components  t o  t h e  c h l o r o p h y l l  «  (CHL) p o o l ,  m u l t i p l e  
r e g r e s s i o n  a n a l y s e s  were  p e r fo rm ed  w i t h  CHL as t h e  p r e d i c t e d  v a r i a b l e  
and t h e  s i x  d i f f e r e n t  p h y t o p l a n k t o n  c a t e g o r i e s  as p r e d i c t o r  v a r i a b l e s .
As d e s c r i b e d  p r e v i o u s l y ,  t h e s e  were  IT. c l o s t e r i u m  (N IT ) ,  o t h e r  p e n n a t e  
d ia to m s  (PENN), c e n t r i c  and c h a i n  d ia to m s  (DIAT), d i n o f l a g e l l a t e s  
(DINO), o t h e r  p h y t o f l a g e l l a t e s  (AUTO) and c y a n o b a c t e r a  (OB). T ab le  2 
summarizes  r ^  v a l u e s .
To a s s e s s  t h e  c o n t r i b u t i o n  o f  t h e  August  23 ' b l o o m '  o f  s m a l l  
p e n n a t e  d ia to m s  t o  t h e  c h l o r o p h y l l  a  p o o l ,  t o t a l  c h l o r o p h y l l  a  
m easurem en ts  were  r e g r e s s e d  o v e r  c e l l  c o u n t s  o f  p h y t o p l a n k t o n  components  
f o r  August 23 .  As a r e s u l t ,  83 % o f  CHL v a r i a b i l i t y  was d e s c r i b e d  by 
m u l t i p l e  r e g r e s s i o n  w i t h  t h e  o m is s i o n  o f  t h e  p e n n a t e  ' b l o o m ' ,  b u t  o n l y  
81 % was d e s c r i b e d  w i t h  i t s  i n c l u s i o n  ( T a b le  2 ) .  When s i n g l e  
c o r r e l a t i o n s  were  c a l c u l a t e d  f o r  August  23 ,  PENN d e s c r i b e d  41 % o f  CHL 
v a r i a b i l i t y  i n  t h e  f i r s t  c a s e  and l e s s  th a n  1 % i n  t h e  second c a s e  
( T a b le  2 ) .  I t  i s  c l e a r  t h a t  t h e  c o n t r i b u t i o n  o f  t h i s  u n u s u a l  ' b l o o m '  o f  
s m a l l  p e n n a te  d ia to m s  t o  t h e  c h l o r o p h y l l  p o o l  on A ugust  23 was s m a l l  
r e l a t i v e  t o  o t h e r  p e n n a t e  d i a t o m s .  Thus ,  t h i s  ' b l o o m '  w i l l  n o t  be 
i n c l u d e d  i n  f u r t h e r  a n a l y s e s  o f  r e s u l t s .
M u l t i p l e  r e g r e s s i o n  a n a l y s e s  on d a t a  p o o le d  f o r  d i f f e r e n t  
months  r e v e a l e d  some s h a r p  c o n t r a s t s  ( T a b le  2 ) .  I n  J u l y  -  A u g u s t ,  56 % 
o f  CHL v a r i a b i l i t y  was d e s c r i b e d  by t h e  s i x  p h y t o p l a n k t o n  c a t e g o r i e s  
( o m i t t i n g  t h e  p e n n a t e  ' b l o o m ' ) .  I n  Sep tember  48 % o f  CHL was d e s c r i b e d ,
40
TABLE 2 .  M u l t i p l e  r e g r e s s i o n  a n a l y s e s  on t o t a l  c h l o r o p h y l l  a  w i t h  
s i x  p h y t o p l a n k t o n  c a t e g o r i e s  : N i t z s c h i a  c l o s t e r i u x n
(NIT) ,  o t h e r  p e n n a t e s  (PENN), c e n t r i c  and c h a i n  d ia tom s  
(DIAT), d i n o f l a g e l l a t e s  (DINO), o t h e r  p h y t o f l a g e l l a t e s  
(AUTO) and c y a n o b a c t e r i a  (OB).
R2
23AUG82 JUL-AUG82 SEP82 NOV-DEC82 APR83 ENTIREPERIOD
MULTIPLE 0.826  a 0 .8 1 5  b
0 .5 5 8  a 
0 .3 8 9  b 0 .479 0 .831 0 .603
0 .497  a 
0 .407  b
INDIVIDUAL
NIT 0 .507 0 .3 9 5 0 .0 0 2 0 .4 4 5 0 .1 9 5 0 .228
PENN 0 .4 1 4  a 0 .001  b
0 .431  a 
0 .0 7 9  b 0 .4 2 0 0 .5 6 6 0 .0 2 1
0 .3 1 5  a 
0 .0 9 4  b
DIAT 0 .1 0 2 0 .101 0 .0 0 4 0 .035 0 .083 0 .117
DINO 0.110 0 .0 4 0 0 .0 6 2 0 .577 0 .1 0 8 0 .071
AUTO 0.0 0 0 0 .000 0 .070 0 .367 0 .2 4 8 0 .111
OB 0 .2 1 9 0 .077 0 .0 3 8 0 .005 0 .007 0 .0 7 7
a : o m i t t i n g  'bloom"’ c e l l  c o u n t s  o f  s m a l l  p e n n a t e  d ia to m s  on August 23
b . i n c l u d i n g  , ,  , ,  , ,  , ,  , ,
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i n  November-December 83 % and in  A p r i l  60 %. I n d i v i d u a l  r e g r e s s i o n  
c o e f f i c i e n t s  w i t h  t h e  d i f f e r e n t  p h y t o p l a n k t o n  components  showed t h a t
2
PENN d e s c r i b e d  most  o f  CHL v a r i a b i l i t y  from J u l y  th r o u g h  September  ( r  = 
0 . 4 3 ) .  AUTO c o r r e l a t i o n  w i t h  CHL was low er  i n  J u l y  -  August (< 0 .0 1  %) 
th a n  in  Sep tem ber  (7 %). I n  November — December,  DINO a l o n e  d e s c r i b e d  
58 % o f  CHL v a r i a b i l i t y ,  PENN 57 %, NIT 45 % and AUTO 37 %. I n  A p r i l ,  
AUTO d e s c r i b e d  CHL v a r i a b i l i t y  b e t t e r  (25 %) th a n  t h e  o t h e r  com ponen ts .
H e t e r o t r o p h s
The m a j o r i t y  o f  h e t e r o t r o p h i c  f l a g e l l a t e s  e x h i b i t e d  rounded
c e l l  s h ap e s  w i t h  d i a m e t e r s  < 5 ym and e q u a l  f l a g e l l a .  T he re  was l i t t l e
d i v e r s i t y  i n  s i z e s  and s h a p e s .  One d i s t i n c t  s p e c i e s ,  d e s c r i b e d  by Haas
(1982)  as  a c o l o r l e s s  c ryp tom onad ,  was p r e s e n t  t h r o u g h o u t  t h e  sam pl ing
3
p e r i o d  in  c o n c e n t r a t i o n s  < 0 . 5  X 10 c e l l s / m l .  D a i ly  mean
c o n c e n t r a t i o n s  o f  h e t e r o t r o p h i c  f l a g e l l a t e s  ( F i g u r e  15) d id  n o t  r e v e a l
any s e a s o n a l  t r e n d s  d u r i n g  t h e  p e r i o d  o f  t im e  sam pled ,  a l t h o u g h  t h e i r
r e l a t i v e  abundance  as  a n a n o p la n k t o n  component i n c r e a s e d  from e a r l y
3w i n t e r  t o  s p r i n g  ( F i g u r e  1 6 ) .  The o v e r a l l  mean was 1 .5  X 10 c e l l s / m l
3
and t h e  maximum c o n c e n t r a t i o n  r e a c h e d  was 6 . 4  X 10 c e l l s / m l  on December 
8 a t  s t a t i o n  1 .  I n  g e n e r a l ,  t h e r e  seemed t o  be l a r g e r  s h o r t - t e r m  
v a r i a t i o n s  a t  t h e  marsh  s t a t i o n  th a n  a t  t h e  m u d f l a t  o r  r i v e r  s t a t i o n s  
( F i g u r e  1 5 ) .  S h o r t - t e r m  v a r i a t i o n s  were  g r e a t e r  th a n  s e a s o n a l  
v a r i a t i o n s ,  s i n c e  s t a n d a r d  d e v i a t i o n s  abo u t  t h e  d a i l y  means were  o f t e n  
l a r g e r  t h a n  mean v a l u e s  ( F i g u r e  1 5 ) .  H e t e r o t r o p h i c  f l a g e l l a t e s  a l s o  
e x h i b i t e d  s u b s t a n t i a l  s p a t i a l  h e t e r o g e n e i t y  be tween s t a t i o n s ,  s i n c e  h i g h  
d a i l y  mean v a l u e s  were n e v e r  o b s e r v e d  a t  a l l  t h r e e  s t a t i o n s  on any one
42
F i g u r e  1 5 .  H e t e r o t r o p h i c  f l a g e l l a t e s  d a i l y  m e ans .
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F i g u r e  16 Month ly  mean r e l a t i v e  abundances  
o f  e u k a r y o t i c  n a n o p l a n k t o n .
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F i g u r e  1 7 .  U n a t t a c h e d  b a c t e r i a  d a i l y  m e a n s .
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F i g u r e  1 8 .  A t t a c h e d  b a c t e r i a  d a i l y  m e an s .
ST
AT
IO
N 
1 
- 
MA
RS
H 
ST
AT
IO
N 
2 
- 
M
UD
FL
AT
IO
-i
W S T G O  93 01 X SINHOO
“IH/S3330 93 01 X SlNflOO3W/S3~I30 93 01 X SlNflOO
46
s am pl ing  d a t e .  C e l l  c o u n t s  were  n o t  s i g n i f i c a n t l y  c o r r e l a t e d  ( r  ^  0 . 5 ,  
P - 0 .0 0 0 )  w i t h  any o f  t h e  b i o l o g i c a l  o r  c h em ica l  p a r a m e t e r s  m o n i t o r e d .
H i g h e s t  d a i l y  mean c o n c e n t r a t i o n s  (2 X 10^ c e l l s / m l )  o f  
u n a t t a c h e d  h e t e r o t r o p h i c  b a c t e r i a  ( F i g u r e  17) were  o b s e r v ed  on t h e  f i r s t  
s am pl ing  d a t e  (21 J u l y  1982) ;  t h u s ,  a summer maximum p resum ab ly  happened 
a t  t h a t  t ime o r  e a r l i e r .  Mean v a l u e s  showed a s e a s o n a l  d e c r e a s i n g  t r e n d  
from summer t o  w i n t e r ,  w i t h  l a r g e r  s h o r t - t e r m  f l u c t u a t i o n s  a t  t h e  marsh 
s t a t i o n .  U n a t t a c h e d  b a c t e r i a  showed p o s i t i v e  c o r r e l a t i o n  w i t h  
t e m p e r a t u r e  ( r “  0 . 7 - 0 . 8 ,  P = 0 .0 0 0 ) ,  w i t h  a h i g h e r  c o r r e l a t i o n  a t  s t a t i o n  
3 th a n  a t  s t a t i o n s  1 and 2 r e f l e c t i n g  g r e a t e r  s h o r t - t e r m  f l u c t u a t i o n s  in  
w a t e r  t e m p e r a t u r e  in  t h e  marsh and m u d f l a t .  S i m i l a r l y ,  a t t a c h e d  
b a c t e r i a  ( F i g u r e  18) e x h i b i t e d  a s e a s o n a l  d e c r e a s i n g  t r e n d ,  a l t h o u g h  
maximum mean numbers  were  r e a c h e d  l a t e r  in  t h e  s e a s o n  d u r i n g  t h e  f i r s t  
p a r t  o f  S ep tem b er .  L a r g e s t  s h o r t - t e r m  f l u c t u a t i o n s  a l s o  o c c u r r e d  a t  t h e  
m arsh  s t a t i o n .
B iv a lv e  f l a g e l l a t e d  gametes  were  i n c l u d e d  i n  t h e  s l i d e  c o u n t s ,  
b e c a u s e  t h e y  c o n s t i t u t e d  an i m p o r t a n t  -  even i f  t r a n s i e n t  -  p a r t  o f  
h e t e r o t r o p h i c  n a n o p l a n k t o n .  C e l l s  were  e a s i l y  r e c o g n i z a b l e  by b r i g h t l y  
f l u o r e s c e n t  e n l a r g e d  n u c l e i  and s i n g l e  long f l a g e l l a .  At l e a s t  seven  
d i s t i n c t  s i z e s  and shapes  were  o b s e r v e d  w i t h  a r a n g e  o f  3 -5  ym in  l e n g t h  
and 1-3  ym in  d i a m e t e r .  C e l l  sh ap es  ra n g e d  from s p h e r i c a l  and c o n i c a l  
t o  h e l i c a l  and c r e s c e n t - s h a p e d .  H i g h e s t  numbers  o f  gametes  ( F i g u r e  19) 
were  c o u n te d  a t  t h e  m u d f l a t  s t a t i o n  ( s t a t i o n  2) and a c r o s s  a t  s t a t i o n  5 
( s e e  F i g u r e  1 ) ,  where f r i n g i n g  s t a n d s  o f  S.  a l t e m i f l o r a  h a r b o u r e d  a 
d en se  p o p u l a t i o n  o f  marsh  l a m e l l i b r a n c h s  ( i . e .  G eukens ia  d em issa  -  
r i b b e d  m u s s e l ,  C r a s s o s t r e a  v i r g i n i c a  -  American o y s t e r ,  Mya a r e n a r i a  -  
s o f t - c l a m ) .
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F i g u r e  1 9 ,  B i v a l v e  f l a g e l l a t e d  g a m e te s  d a i l y  m e a n s .
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D a i l y  mean c o n c e n t r a t i o n s  ( F i g u r e  19) showed a t  l e a s t  t h r e e
3
s u b s t a n t i a l  spawning e v e n t s  d u r i n g  t h e  summer (1 -3 0  X 10 c e l l s / m l )  and
3
one more in  t h e  w i n t e r  in  t h e  m id d le  o f  December (1 -1 0  X 10 c e l l s / m l ) *
3
S m a l l e r  spawnings  o c c u r r e d  a t  t h e  end o f  O c to b e r  ( f  1 X 10 c e l l s / m l )
3and in  t h e  m id d le  o f  December and A p r i l  (1 -3  X 10 c e l l s / m l ) .  B iv a lv e  
gamete  r e l e a s e s  i n  t h e  summer were  i d e n t i f i e d  as b e in g  dominated  by 
v i r g i n i c a  and p o s s i b l y  G. d e m is s a ,  w hereas  f a l l  and w i n t e r  r e l e a s e d  
gametes  were from M. a r e n a r i a .  Whenever spawning o c c u r r e d ,  10-30 % o f  
h e t e r o t r o p h i c  f l a g e l l a t e s  showed e v id e n c e  o f  gamete  i n g e s t i o n .  For  
exam ple ,  n o n -p ig m en te d  c ryptomonads  d u r i n g  a b i v a l v e  spawning e v e n t  on 
December 17 a p p e a r e d  t o  have  i n g e s t e d ,  i n  some c a s e s ,  up t o  5 
g a m e t e s / c e l l  and t i n t i n n i d s  up t o  2 0 / c e l l .
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T i d a l  vs  L o n g i t u d i n a l  V a r i a t i o n s
S in c e  o b s e r v ed  t i d a l  h e i g h t s  d i d  n o t  a lways  c o i n c i d e  w i t h  
p r e d i c t e d  t i d a l  s t a g e s ,  d a t a  was d i v i d e d  i n t o  h i g h  w a t e r  and low w a t e r  
p e r i o d s  on t h e  b a s i s  o f  m easured  w a t e r  e l e v a t i o n s ,  r a t h e r  th a n  on t h e  
b a s i s  o f  p r e d i c t e d  t im e s  f o r  h i g h  and low t i d e .  A r b i t r a r y  l i m i t s  o f  
w a t e r  l e v e l s  were c a l c u l a t e d  by t a k i n g  t h e  mean o f  a l l  m easurem ents  a t  
each  s t a t i o n .  High w a t e r  p e r i o d s  (HW) r e p r e s e n t  c o n d i t i o n s  when w a t e r  
l e v e l s  m easured  > 40 cm a t  s t a t i o n  1,  > 55 cm a t  s t a t i o n  2 and > 65 cm 
a t  s t a t i o n  3 ;  low w a t e r  p e r i o d s  (LW) r e p r e s e n t  c o n d i t i o n s  when w a t e r  
l e v e l s  m easured  < 40 cm a t  s t a t i o n  1,  < 55 cm a t  s t a t i o n  2 and < 65 cm 
a t  s t a t i o n  3 ( s e e  F ig u r e  2 ) .
F a l l  N i t r i t e  Maxima
The most  w e l l - d e f i n e d  f e a t u r e  i n  t h e  l o n g - t e r m  v a r i a t i o n  
p a t t e r n  e x h i b i t e d  by i n o r g a n i c  n i t r o g e n  in  t h e  t i d a l  embayment was 
Sep tem ber  and O c to b e r  c o i n c i d e n t  maxima in  ammonium, n i t r a t e  and 
n i t r i t e .  Ammonium HW c o n c e n t r a t i o n s  ( F i g u r e  20) e x h i b i t e d  a v e r y  s h a r p  
i n c r e a s e  a t  t h e  b e g i n n i n g  o f  O c to b e r  a t  a l l  t h r e e  s t a t i o n s ,  w hereas  LW 
c o n c e n t r a t i o n s  showed a l a r g e  i n c r e a s e  o n l y  a t  s t a t i o n  1 in  t h e  m id d le  
o f  O c to b e r .  N i t r a t e  HW means ( F i g u r e  21) were  g r e a t e r  th a n  LW means a t  
s t a t i o n s  2 and 3 in  October*  N i t r i t e  d u r i n g  HW ( F i g u r e  22) r e v e a l e d  
g r e a t e r  mean v a l u e s ,  as  w e l l  as  s m a l l e r  s t a n d a r d  d e v i a t i o n s  t h a n  d u r in g  
LW a t  a l l  t h r e e  s t a t i o n s  in  Sep tember  and O c to b e r .  During LW, a 
d i s t i n c t  l o n g i t u d i n a l  g r a d i e n t  d ev e lo p e d  be tween  t h e  t h r e e  s t a t i o n s  w i t h  
s t a t i o n  1 showing lo w e s t  mean v a l u e s ,  s t a t i o n  2 i n t e r m e d i a t e  and s t a t i o n
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F i g u r e  2 0 .  HW and LW ammonium means
a t  t h e  t h r e e  s t a t i o n s .
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F i g u r e  21 HW and LW n i t r a t e  means
a t  t h e  t h r e e  s t a t i o n s .
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F i g u r e  2 2 .  HW and LW n i t r i t e  means
a t  t h e  t h r e e  s t a t i o n s .
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3 h i g h e s t .  T h i s  l o n g i t u d i n a l  g r a d i e n t  was n o t  as w e l l  d e f i n e d  d u r i n g  
HW. Peak n i t r i t e  v a l u e s  d u r i n g  HW were n e a r l y  e q u a l  a t  s t a t i o n s  2 and 3 
and were  s l i g h t l y  lower  a t  s t a t i o n  1 .  ANOVA combined w i t h  Tukey and 
S c h e f f e  a p o s t e r i o r i  m u l t i p l e  r a n g e  t e s t s  (P < 0 . 0 5 )  be tw een  s t a t i o n s  
were  p e r fo rm ed  on S e p te m b e r -O c to b e r  p o o le d  d a t a .  N i t r i t e  a t  s t a t i o n  1 
was s i g n i f i c a n t l y  low er  th a n  a t  s t a t i o n  3 d u r in g  LW, whereas  t h e r e  were 
no s i g n i f i c a n t  d i f f e r e n c e s  be tween  s t a t i o n s  d u r i n g  HW. D i f f e r e n c e s  
be tw een  s t a t i o n s  1 and 2 o r  be tw een  s t a t i o n s  2 and 3 were  n o t  
s i g n i f i c a n t  e i t h e r  f o r  HW o r  LW.
P h o s p h a te
S h o r t - t e r m  v a r i a t i o n s  i n  p h o s p h a te  c o n c e n t r a t i o n s  ( F i g u r e  23) 
a t  s t a t i o n  1 were  g r e a t l y  enhanced  d u r i n g  LW compared t o  HW. O v e r a l l  
mean v a l u e s  a t  s t a t i o n  1 were  a l s o  s i g n i f i c a n t l y  h i g h e r  th a n  o v e r a l l  
means a t  s t a t i o n  2 and 3 (Tukey & S c h e f f e ,  P < 0 . 0 5 ) ,  w h i l e  t h e r e  were 
no s i g n i f i c a n t  d i f f e r e n c e s  be tween s t a t i o n s  2 and 3 .  When p h o s p h a te  
v a l u e s  were  d i v i d e d  i n t o  HW and LW c a t e g o r i e s ,  s t a t i o n  1 was 
s i g n i f i c a n t l y  h i g h e r  th a n  s t a t i o n s  2 and 3 o n ly  d u r i n g  LW. P h o s p h a te  LW 
mean ( 1 . 4  pM) a t  s t a t i o n  1 was s i g n i f i c a n t l y  h i g h e r  (ANOVA, P=0.0002)  
t h a n  t h e  HW mean ( 0 . 8  pM). Maximum p h o s p h a te  c o n c e n t r a t i o n s  a t  t h i s  
s t a t i o n  were  m easured  a t  low t i d e  t h r o u g h o u t  t h e  sam pl ing  p e r i o d ,  
p a r t i c u l a r l y  in  t h e  summer when w a t e r  t e m p e r a t u r e s  were m ax im al .  Low 
t i d e  v a l u e s  a t  s t a t i o n  1 in  l a t e  August  and e a r l y  September  were  2-4  X 
h i g h e r  (2 - 5  pM) th a n  a t  s t a t i o n s  2 and 3 ( s e e  T ab le  3 f o r  some 
e x a m p l e s ) •
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F i g u r e  2 3 .  HW and LW p h o s p h a t e  means
a t  t h e  m a rs h  s t a t i o n .
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N anop lank ton  P o p u l a t i o n  
A u to t r o p h s
The most c o n s i s t e n t  p a t t e r n  i n  c h l o r o p h y l l  a; d a i l y  mean v a l u e s  
were  t h e  l a t e  summer maximum, which was p r e s e n t  a t  a l l  t h r e e  s t a t i o n s  
t h r o u g h o u t  HW and LW ( F i g u r e  2 4 ) .  H i g h e s t  v a l u e s  (150 y g / l )  were 
r e a c h e d  a t  s t a t i o n  1 d u r i n g  LW and a l l  t h r e e  s t a t i o n s  e x h i b i t e d  g r e a t e r  
s h o r t - t e r m  v a r i a t i o n s  d u r in g  LW. The t h r e e  l a t e  f a l l  -  e a r l y  w i n t e r  
peaks  o f  c h l o r o p h y l l  a  a t  s t a t i o n  1 were  p r e s e n t  o n ly  d u r i n g  LW. 
S i m i l a r l y ,  t h e  t h r e e  l a t e  f a l l  -  e a r l y  w i n t e r  p u l s e s  o f  d ia to m s  and 
p h y t o f l a g e l l a t e s  a t  s t a t i o n  1 were  p r e s e n t  o n l y  d u r i n g  LW ( F i g u r e  2 5 ) .  
These  p h y t o p l a n k t o n  p u l s e s  were  composed o f  o n ly  a few s p e c i e s  o f  
p h y t o f l a g e l l a t e s  ( i n c l u d i n g  d i n o f l a g e l l a t e s )  w i t h  one C hrysophy te  
s p e c i e s ,  p o s s i b l y  P av lo v a  s p .  ( s e e  Cam pbel l ,  1973 f o r  a s p e c i e s  
d e s c r i p t i o n ) ,  p r e d o m i n a t i n g .  These  p u l s e s  were  o b se rv ed  a t  t h e  marsh  
s t a t i o n  a t  t h e  same s t a g e  o f  t h e  t i d e  on November 9 ,  November 26 and 
December 2 ( F i g u r e  2 5 ) .  P h y t o f l a g e l l a t e  c o n c e n t r a t i o n s  i n c r e a s e d  2-3 X 
o v e r  a two h o u r  p e r i o d  d u r i n g  ebb t i d e  and re a c h e d  maximum numbers two 
h o u r s  b e f o r e  low t i d e  ( 4 . 4  X 10^ ,  2 .1  X 10^ and 1 .4  X 10^ c e l l s / m l ,  
r e s p e c t i v e l y ) .  Numbers d e c r e a s e d  a t  low t i d e  r e t u r n i n g  t o  low l e v e l s  (<
4
1 X 10 c e l l s / m l )  on t h e  f l o o d .  Diatom p u l s e s  l agged  beh ind
p h y t o f l a g e l l a t e s  by two h o u rs  and h i g h  numbers o f  d ia to m s  were  o b s e r v e d
o v e r  a l o n g e r  t im e  i n t e r v a l  ( F i g u r e  2 5 ) .
S t a t i s t i c a l  a n a l y s e s  (Tukey & S c h e f f e ,  P < 0 .0 5 )  r e v e a l e d  
s i g n i f i c a n t  d i f f e r e n c e s  be tween  s t a t i o n s  i n  p h y t o p l a n k t o n  p o p u l a t i o n .  
When t h e  e n t i r e  d a t a  s e t  was c o n s i d e r e d ,  c h l o r o p h y l l  a. was s i g n i f i c a n t l y  
h i g h e r  a t  t h e  marsh s t a t i o n  ( o v e r a l l  mean = 23 y g / l )  t h a n  a t  s t a t i o n s  2
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F i g u r e  2 4 .  HW and LW c h l o r o p h y l l  a. means
a t  t h e  t h r e e  s t a t i o n s .
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F i g u r e  25 T i d a l  v a r i a t i o n s  in  p h y to p la n k to n
on 9 & 26 November and 8 December 1982.
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and 3 ( o v e r a l l  mean = 15 y g / l ) .  C e l l  co u n ts  f o r  N. c l o s t e r i u m  and o t h e r  
p e n n a te  d ia tom s  ( e x c l u d i n g  t h e  August  ' b l o o m ' )  were a l s o  s i g n i f i c a n t l y  
h i g h e r  a t  t h e  marsh s t a t i o n  th a n  a t  t h e  o t h e r  two s t a t i o n s .  When d a t a  
was d i v i d e d  i n t o  HW and LW c a t e g o r i e s ,  s i g n i f i c a n c e  d i f f e r e n c e s  were 
found o n ly  d u r i n g  LW. C h l o r o p h y l l  a ,  p e n n a te  d ia tom s  and 
d i n o f l a g e l l a t e s  were p r e s e n t  a t  h i g h e r  c o n c e n t r a t i o n s  a t  s t a t i o n  1 t h a n  
a t  s t a t i o n s  2 and 3 o n ly  d u r i n g  LW.
H e t e r o t r o p h s
A l though  h e t e r o f l a g e l l a t e s  were n o t  s i g n i f i c a n t l y  c o r r e l a t e d  
w i t h  any p a r a m e t e r  on t h e  b a s i s  o f  HW and LW, t h e r e  were  s i g n i f i c a n t
3
d i f f e r e n c e s  be tween s t a t i o n s .  During  HW, t h e  m u d f l a t  mean ( 1 .7  X 10
c e l l s / m l )  was s i g n i f i c a n t l y  g r e a t e r  ( S c h e f f e  & Tukey, P < 0 .0 5 )  th a n  t h e
3 3m arsh  mean ( 1 . 3  X 10 c e l l s / m l )  and t h e  r i v e r  mean ( 1 . 6  X 10 c e l l s / m l ) .
3
On t h e  o t h e r  h an d ,  HW means a t  s t a t i o n s  2 and 3 ( 1 . 3  X 10 c e l l s / m l )
3
te n d e d  t o  be lower  th a n  LW means ( 1 . 5  X 10 c e l l s / m l ) ,  a l t h o u g h  t h e s e  
d i f f e r e n c e s  were  n o t  s t a t i s t i c a l l  s i g n i f i c a n t  ( S c h e f f e  & Tukey, P <
0 . 0 5 ) .  There  were  no s i g n i f i c a n t  d i f f e r e n c e s  be tween s t a t i o n s  in  e i t h e r  
u n a t t a c h e d  o r  a t t a c h e d  b a c t e r i a ,  even when d a t a  was d i v i d e d  i n t o  HW and 
LW.
The most  r e m a r k a b le  c h a r a c t e r i s t i c  o f  t h e  h e t e r o t r o p h i c  
p o p u l a t i o n  in  t h i s  t i d a l  embayment was o b se rv ed  in  t h e  t i d a l  p o o l s  
formed a t  t h e  marsh  s t a t i o n  a t  low t i d e .  F r e q u e n t l y  t h r o u g h o u t  t h e  
sam pl ing  sp an ,  u n a t t a c h e d  h e t e r o t r o p h i c  b a c t e r i a  sampled in  t i d a l  p o o l  
w a t e r  e x h i b i t e d  i n c r e a s e d  d i v e r s i t y  i n  s i z e s  and s h a p e s ,  a l t h o u g h  c e l l  
c o u n t s  d id  n o t  a lways  i n c r e a s e  s u b s t a n t i a l l y .  Tab le  3 summarizes
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r e l e v a n t  d a t a  f o r  t h e s e  o c c a s i o n s .  Many d i s t i n c t  ty p e s  o f  u n i c e l l u l a r
and p l u r i c e l l u l a r  f i l a m e n t o u s  b a c t e r i a  were o b s e r v e d .  Very l a r g e  ro d s
(3 -5  pm long  and 1 ym in  d i a m e t e r )  c o n s t i t u t e d ,  in  some c a s e s ,  20-40 %
o f  t h e  t o t a l  u n a t t a c h e d  p o p u l a t i o n .  A n o th e r  u n u s u a l  m ic ro o rg a n i sm  was
3 ^a l s o  co u n ted  in  s u b s t a n t i a l  numbers (1 X 10 -  1 .5  X 10 c e l l s / m l ) .
C e l l s  a p p ea re d  t o  have  a s p i r a l  shape  (5 -15  ym iong and 1-2  ym in  
d i a m e t e r )  and v e r y  t h i n  b i p o l a r  f l a g e l l a t i o n .  P o s i t i v e  i d e n t i f i c a t i o n  
was n o t  p o s s i b l e  w i t h  e p i f l u o r e s c e n c e  m ic ro s c o p y ,  b u t  t h e  a b sen ce  o f  
w e l l - d e f i n e d  o r g a n e l l e s  s u g g e s t e d  a p r o k a r y o t i c  form.
These  a ssem b lag es  o f  d i s t i n c t  f r e e  h e t e r o t r o p h i c  b a c t e r i a  were 
o f t e n  a s s o c i a t e d  w i t h  a l a r g e  d i v e r s e  p o p u l a t i o n  o f  h e t e r o t r o p h i c
m i c r o f l a g e l l a t e s • For  i n s t a n c e ,  on November 3 ,  f l a g e l l a t e  numbers
3 3i n c r e a s e d  from 1 . 2  X 10 c e l l s / m l  a t  l a t e  ebb t i d e  t o  5 .3  X 10 c e l l s / m l
a t  low t i d e ,  r e p r e s e n t i n g  a 4X i n c r e a s e  o v e r  a two hour  i n t e r v a l .
3
S i m i l a r l y ,  on December 2 and 8 , c o n c e n t r a t i o n s  r e a c h e d  6 X 10 c e l l s / m l  
i n  marsh t i d a l  p o o l s ,  which r e p r e s e n t e d  a 2-3 X i n c r e a s e  o v e r  a two hour  
p e r i o d  d u r i n g  l a t e  ebb t i d e .  At l e a s t  seven  d i s t i n c t  s p e c i e s  were  
c o u n te d  in  s i g n i f i c a n t  numbers i n  t h e s e  s a m p le s .  D i s t i n c t i v e  
c h a r a c t e r i s t i c s  o f  one s p e c i e s  i n c l u d e d  p e a r - s h a p e d  c e l l s  ( 3 - 4  ym  
w i d t h ) ,  l a r g e  v e r y  b r i g h t  ovo id  n u c l e i  and c u r l e d  un eq u a l  f l a g e l l a .
T h i s  ty p e  o f  morphology c o n t r a s t e d  w i t h  t h e  u n i f o r m a l l y  rounded s p e c i e s  
w i t h  e q u a l  u n c u r l e d  f l a g e l l a ,  which  were  more commonly found d u r i n g  ebb 
and f l o o d  t i d e  in  t h e  embayment.
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DISCUSSION
S ho r t -T e rm  vs  Long-Term V a r i a t i o n s
D i s s o l v e d  I n o r g a n i c  N u t r i e n t s
I n  g e n e r a l ,  t h e  m a g n i tu d e  o f  ammonium and n i t r a t e  v a r i a b i l i t y  
was c h a r a c t e r i s t i c  o f  t h e  t r a n s i e n t  en v i ronm en t  o f  t e m p e r a t e  e s t u a r i e s  
( s e e  Nixon and P i l s o n ,  1983 f o r  a r e c e n t  r e v i e w ) .  The m ag n i tu d e  of  
s h o r t - t e r m  and lo n g - t e r m  v a r i a b i l i t y  e x h i b i t e d  by t h e  d i f f e r e n t  n i t r o g e n  
s p e c i e s  f o l l o w e d  a d e c r e a s i n g  o r d e r  (ammonium > n i t r a t e  > n i t r i t e ) ,  
p re su m ab ly  r e f l e c t i n g  p r e f e r e n t i a l  u p t a k e  ( s e e  C o l lo s  and Slawyk, 1980 
f o r  a r e v ie w )  and r e g e n e r a t i o n  c a p a b i l i t i e s  o f  n a n o p la n k t o n  co m m u n i t ie s .  
The ab se n c e  o f  w e l l - d e f i n e d  c o r r e l a t i o n s  between ammonium and o t h e r  
b i o l o g i c a l  and ch em ica l  p a r a m e t e r s  i s  n o t  s u r p r i s i n g  c o n s i d e r i n g  t h e  
c o m p le x i ty  o f  i n t e r a c t i o n s  be tw een  p r o c e s s e s  r e g u l a t i n g  ammonium p o o l s  
i n  e s t u a r i n e  w a t e r s  ( e . g .  Webb, 1981; Nixon and P i l s o n ,  1 9 8 3 ) .  H ig h e r  
n e g a t i v e  c o r r e l a t i o n s  be tween  n i t r a t e  and w a t e r  t e m p e r a t u r e ,  t h a n  
be tw een  n i t r a t e  and s p e c i f i c  n a n o p l a n k t o n  components ,  s u g g e s t e d  t h a t  
t e m p e r a t u r e  had a s i g n i f i c a n t  e f f e c t  in  i n c r e a s i n g  n i t r a t e  removal  from 
t h e  w a t e r  by n a n o p l a n k t o n ,  p r e s e n t  i n  l a r g e r  numbers d u r i n g  t h e  warmer 
s e a s o n .
P o s i t i v e  c o r r e l a t i o n s  o f  p h o s p h a te  w i t h  w a t e r  t e m p e r a t u r e  o v e r  
t h e  s e a s o n a l  sam pl ing  p e r i o d  s u g g e s t e d  t h a t  p h o s p h a te  was b e in g  r e l e a s e d  
i n t o  t i d a l  w a t e r s  o f  t h i s  t r a n s i e n t  e nv i ronm en t  a t  h i g h e r  r a t e s  in  t h e
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summer t h r o u g h  i n c r e a s e d  r e m i n e r a l i z a t i o n  p r o c e s s e s .  T h is  r e l e a s e  was 
p a r t i c u l a r l y  e v i d e n t  in  g r e a t l y  i n c r e a s e d  c o n c e n t r a t i o n s  a t  low t i d e ,  
when d i l u t i o n  o f  r e l e a s e d  p h o s p h a te  by o v e r l y i n g  t i d a l  w a t e r s  was 
m in im a l .  A x e l r a d  (1974)  a t t r i b u t e d  a g r e a t e r  e f f l u x  o f  d i s s o l v e d  
p h o sphorus  from t h e  marsh in  t h e  summer t o  i n c r e a s e d  t e m p e r a t u r e  c a u s i n g  
i n c r e a s e d  m e io b e n t h i c  m i n e r a l i z a t i o n  r a t e s .  A x e l ra d  a l s o  found 
s i g n i f i c a n t  c o r r e l a t i o n s  be tween  d i s s o l v e d  i n o r g a n i c  phosphorus  and 
e s t i m a t e s  o f  b o th  p h y t o p l a n k t o n  p r o d u c t i v i t y  and c h l o r o p h y l l  a  in  t h e  
summer o f  1982 s t u d y i n g  n u t r i e n t  f l u x e s  in  two t i d a l  c r e e k  m arshes  in  
t h e  low er  York R i v e r  (Ware Creek and C a r t e r  C r e e k ) .  He s u g g e s t e d  t h a t  
e s t u a r i n e  p h y t o p l a n k t o n  t r a n s p o r t e d  t i d a l l y  t o  t h e  marsh c o u ld  t a k e  
a d v a n ta g e  o f  l a r g e r  c o n c e n t r a t i o n s  o f  n u t r i e n t s  t h ro u g h  lu x u ry  u p t a k e .
S i g n i f i c a n t l y  h i g h e r  c o n c e n t r a t i o n s  o f  p h y t o p l a n k t o n  were 
found in  t h e  p r e s e n t  s t u d y  in  t h e  m a rsh ,  p a r t i c u l a r l y  d u r in g  t i d a l  
s t a g e s  a p p r o a c h in g  low t i d e .  En t rapm ent  o f  p h y t o p l a n k t o n  in  t h e  marsh 
on t h e  ebb would r e s u l t  in  ex ten d ed  r e s i d e n c e  t i m e ,  t h u s ,  a l l o w in g  
p h y t o p l a n k t o n  t o  t a k e  a d v an ta g e  o f  t h i s  n u t r i e n t  e n r i c h e d  and l i g h t  
s a t u r a t e d  e n v i r o n m e n t .  However,  t h e  s h o r t - l i v e d  p u l s e s  o f  
p h y t o f l a g e l l a t e s  ( i n c l u d i n g  d i n o f l a g e l l a t e s )  a t  t h e  marsh s t a t i o n  from 
e a r l y  November t o  e a r l y  December c o u ld  n o t  be e x p l a i n e d  s o l e l y  by 
enhanced growth  ( l a g g i n g  b eh in d  t h e  p a s s a g e  o f  a l a r g e  p o o l  o f  DIN in  
O c t o b e r ) ,  b e h a v i o r a l  mechanisms s y n c h r o n iz e d  w i t h  b o th  t i d a l  and d i u r n a l  
p e r i o d i c i t i e s  c o u ld  have caused  l o c a l i z e d  n e a r - s u r f a c e  m i g r a t i o n s  o f  
l a r g e  numbers o f  p h y t o f l a g e l l a t e s  ( e . g .  Hors tm ann, 1 9 80) .
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G lucose
The s h o r t - t e r m  p e r i o d i c i t y  o f  d i s s o l v e d  g l u c o s e  s u g g e s te d  t h a t  
t h i s  l a b i l e  coumpound t e n d e d  t o  a ccu m u la te  in  t h e  w a t e r  column in  t h e  
m i d - a f t e r n o o n  a f t e r  p r o lo n g e d  p e r i o d s  o f  p h y t o p l a n k t o n  p h o t o s y n t h e s i s .  
G lucose  c o n c e n t r a t i o n s  d e c r e a s e d  in  t h e  l a t e  a f t e r n o o n ,  p re sum ab ly  as a 
r e s u l t  o f  a r e d u c t i o n  in  l i g h t  dep en d en t  p r im a ry  p r o d u c t i v i t y  i n  t h e  
p r e s e n c e  o f  c o n t i n u e d  h e t e r o t r o p h y . Hanson and Snyder  (1980) found 
s i m i l a r  r e s u l t s  in  t h e  D up l in  R i v e r ,  G e o r g i a .  In  t h a t  s t u d y ,  samples  
t a k e n  in  t h e  a f t e r n o o n  d u r i n g  F e b r u a r y  and March 1978 c o n t a i n e d  
s i g n i f i c a n t l y  h i g h e r  c o n c e n t r a t i o n s  o f  g l u c o s e  th an  t h o s e  c o l l e c t e d  in  
t h e  m o rn in g .  They s u g g e s t e d  t h a t  p h y t o p l a n k t o n  p r im a ry  p r o d u c t i o n  was a 
m a jo r  s o u r c e  o f  g l u c o s e .  However, i n  s i t u  h e t e r o t r o p h i c  u p t a k e  
e s t i m a t e d  a t  2-5  y g / l / h r  sh o u ld  have  c o m p le t e ly  removed g l u c o s e  from t h e  
sy s tem  s e v e r a l  h o u rs  a f t e r  s u n s e t .  S in ce  some g l u c o s e  remained  i n  t h e  
w a t e r  column in  t h e  e a r l y  m orn ing ,  Hanson and Snyder c o n c lu d ed  t h a t  
p h y t o p l a n k t o n  were n o t  t h e  o n ly  p r o d u c e r s  o f  g l u c o s e .  They p roposed  
t h a t  o t h e r  p r o c e s s e s  such  as  d e g r a d a t i o n  o f  p l a n t  m a t e r i a l  were 
c o n t r i b u t i n g  t o  t h e  g l u c o s e  p o o l s  i n  t h e  D up l in  R i v e r .  S in c e  d i e l  
m o n i t o r i n g  o f  g l u c o s e  has  y e t  t o  be p e r fo rm ed  in  e s t u a r i n e  e n v i r o n m e n t s ,  
t h i s  p r o p o s i t i o n  has  n o t  been  s u b s t a n t i a t e d .
N anop lank ton  P o p u l a t i o n  
A u to t r o p h s
S e a s o n a l  s h i f t s  i n  dominance o f  d i f f e r e n t  p h y t o p l a n k t o n  
s p e c i e s  were  o b s e r v e d  be tween  l a t e  summer and e a r l y  w i n t e r .  These  were 
p a r t i c u l a r l y  w e l l - d e f i n e d  a t  t h e  marsh  s t a t i o n .  The t h r e e  c h l o r o p h y l l  n  
p u l s e s  in  November and December a t  t h i s  s t a t i o n  ( F i g u r e  10) were
65
dom ina ted  by one C hrysophy te  s p e c i e s  ( p o s s i b l y  P a v l o v a ) . V a r io u s  
s p e c i e s  o f  a rmoured d i n o f l a g e l l a t e s  were p r e s e n t  in  s i g n i f i c a n t  numbers 
on d i f f e r e n t  days  d u r i n g  t h i s  t r a n s i t i o n a l  p e r i o d .  Only two l a r g e  
s p e c i e s  o f  p e n n a te  d ia tom s  (80-160  pm l o n g ,  5-7 ym wide)  were p r e s e n t  in  
s i g n i f i c a n t  numbers .  T h i s  p h y t o p l a n k t o n  community was d i s t i n c t  from 
t h o s e  p r e s e n t  i n  e i t h e r  summer o r  e a r l y  f a l l  due t o  t h e  dominance o f  a 
few d i s t i n c t  s p e c i e s .  August and September  a l s o  d i f f e r e d  in  
p h y t o p l a n k t o n  com m u n i t ie s ,  p r i m a r i l y  on t h e  b a s i s  o f  dominance by one 
g roup  th a n  on t h e  b a s i s  o f  dominance by a few s p e c i e s .  Diatoms 
g e n e r a l l y  domina ted  p h y t o p l a n k t o n  i n  J u l y  and August  and d e c r e a s e d  in  
r e l a t i v e  abundance  l a t e r  in  t h e  s e a s o n ,  w hereas  p h y t o f l a g e l l a t e s  
i n c r e a s e d  in  r e l a t i v e  abundance  in  September  and e a r l y  w i n t e r ,  and 
dom ina ted  t h e  p h y t o p l a n k t o n  community in  A p r i l ,  when r e l a t i v e l y  few 
d ia to m s  were p r e s e n t  ( s e e  F ig u r e  1 0 ) .
M u l t i p l e  r e g r e s s i o n  a n a l y s e s  o f  t o t a l  c h l o r o p h y l l  a  w i t h  
d i f f e r e n t  p h y t o p l a n k t o n  components  r e v e a l e d  t h a t  some d i s c r e p a n c y  
e x i s t e d  be tween  c h l o r o p h y l l  p o o l s  and grouped  c e l l  c o u n t s .  D a i l y  s h i f t s  
i n  dominance o f  d i f f e r e n t  s p e c i e s ,  as  w e l l  as s e a s o n a l  s h i f t s  in  
dominance o f  d i f f e r e n t  g roups  c o u ld  e x p l a i n  t h e s e  d i s c r e p a n c i e s .  The 
dominance o f  few er  s p e c i e s  in  e a r l y  w i n t e r  c o u ld  e x p l a i n  t h e  t i g h t e r  
c o u p l i n g  between c h l o r o p h y l l  a  and c e l l  c o u n t s  f o r  t h e  d i f f e r e n t  
p h y t o p l a n k t o n  g r o u p s .  On t h e  o t h e r  hand ,  a l a r g e r  s p e c i e s  d i v e r s i t y  in  
summer and s p r i n g  c o u ld  have  low ered  t h e  c o r r e l a t i o n  between c h l o r o p h y l l  
and g rouped  c e l l  c o u n t s .  A c c u r a t e  e s t i m a t e s  o f  s p e c i f i c  c h l o r o p h y l l  
c o n t e n t  c o u ld  improve t h i s  c o r r e l a t i o n .  C h l o r o p h y l l  a; and group  c e l l  
c o u n t s  were  b e t t e r  c o r r e l a t e d  when d a t a  was p o o le d  on a d a i l y  b a s i s  t h a n  
on a m on th ly  b a s i s .  F u r th e r m o r e ,  d a t a  poo led  f o r  s e p a r a t e  months were
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b e t t e r  c o r r e l a t e d  t h a n  d a t a  p o o le d  f o r  t h e  e n t i r e  sam pl ing  s p an .  Thus,  
t o  d e r i v e  a d e q u a te  d e s c r i p t i v e  e q u a t i o n s  be tween  t o t a l  c h l o r o p h y l l  and 
d i f f e r e n t  p h y t o p l a n k t o n  components ,  a c c u r a t e  e s t i m a t e s  o f  s p e c i f i c  
c h l o r o p h y l l  c o n t e n t  a r e  n eed ed .
H e t e r o t r o p h s
I t  was d i f f i c u l t  t o  a s s e s s  t h e  l a c k  o f  p r e d i c t a b i l i t y  o f  
h e t e r o t r o p h i c  f l a g e l l a t e  v a r i a b i l i t y ,  s i n c e  n o t  much r e p o r t e d  d a t a  was 
a v a i l a b l e  on s e a s o n a l  v a r i a t i o n s  o f  t h e s e  m ic ro o rg a n i sm s  in  t e m p e r a t e  
e s t u a r i e s .  One r e c e n t  s tu d y  in  G e o rg ia  c o a s t a l  w a t e r s  ( S h e r r  e-t -a-i. . 
1984) r e p o r t e d  a s i g n i f i c a n t  l i n e a r  c o r r e l a t i o n  between h e t e r o t r o p h i c
t
f l a g e l l a t e s  and b a c t e r i a ,  a l t h o u g h  no s e a s o n a l  t r e n d s  in  f l a g e l l a t e  
numbers were  fo u n d .  E s t u a r i n e  h e t e r o t r o p h i c  n a n o p la n k t o n  were  a l s o  
m o n i t o r e d ,  b u t  no c o r r e l a t i o n s  were r e p o r t e d  f o r  i n s h o r e  d a t a .  S ince  
more s h o r t - t e r m  v a r i a b i l i t y  can be e x p e c t e d  in  e s t u a r i n e  w a t e r s  th a n  in  
c o a s t a l  w a t e r s ,  p a r t i c u l a r l y  a t  more n o r t h e r n  l a t i t u d e s ,  lower  
c o r r e l a t i o n s  c o u ld  a l s o  be e x p e c te d  between e s t u a r i n e  f l a g e l l a t e s  and 
b a c t e r i a .  T h e r e f o r e ,  i t  i s  n o t  s u r p r i s i n g  t o  f i n d  t h e s e  c o r r e l a t i o n s  
a b s e n t  in  t h e  p a r t i c u l a r l y  t r a n s i e n t  en v i ronm en t  o f  s h a l l o w  e s t u a r i n e  
w a t e r s .
S in c e  no s i g n i f i c a n t  c o r r e l a t i o n s  were found between 
f l a g e l l a t e s  and b a c t e r i a  r e g a r d l e s s  o f  s t a t i o n  and t i d a l  s t a g e ,  i t  
seemed t h a t  b o th  s h o r t - t e r m  and l o n g - t e r m  v a r i a t i o n s  o f  b a c t e r i o p l a n k t o n  
i n  t h e  t i d a l  embayment were  r e g u l a t e d  p r i m a r i l y  by t e m p e r a t u r e  ( F i g u r e  
2 6 ) .  To m a i n t a i n  t h e  l i n e a r  ' n u r t u r i n g '  r e l a t i o n s h i p  between s e a s o n a l  
p o p u l a t i o n s  o f  b a c t e r i o p l a n k t o n  and n a n o p l a n k t o n i c  f l a g e l l a t e s  r e p o r t e d  
in  G eo rg ia  c o a s t a l  w a t e r s  ( S h e r r  n l . , 1984 ) ,  g r a z i n g  in  t h e  t i d a l
F i g u r e  26 .  L i n e a r  r e g r e s s i o n  o f  u n a t t a c h e d  b a c t e r i a  and 
h e t e r o t r o p h i c  f l a g e l l a t e  o v e r  w a t e r  t e m p e ra t u  
a t  t h e  t h r e e  s t a t i o n s .
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embayment would have  t o  i n c r e a s e  in  p r o p o r t i o n  t o  t h e  s e a s o n a l  d e c r e a s e  
in  b a c t e r i a ,  s i n c e  f l a g e l l a t e  numbers e x h i b i t e d  no w e l l - d e f i n e d  s e a s o n a l  
t r e n d s  ( F i g u r e  2 6 ) ,  C o n se q u e n t ly ,  p e r  c a p i t a  g r a z i n g  o f  f l a g e l l a t e s  
would have  t o  i n c r e a s e  a p p r o x i m a t e l y  an o r d e r  o f  m agn i tude  from summer 
t o  w i n t e r  t o  a cc o u n t  f o r  th e  d e c r e a s e  in  b a c t e r i a  from 2-3 X 10^ 
c e l l s / m l  a t  t h e  end o f  J u l y  t o  2-3 X 10 c e l l s / m l  a t  t h e  end o f  J a n u a r y .
A l though  c o ld  w a t e r  t e m p e r a t u r e s  d id  n o t  a p p e a r  t o  have a 
d e l e t e r i o u s  e f f e c t  on f l a g e l l a t e  abundances  ( F i g u r e  2 6 ) ,  t h e r e  was no 
e v id e n c e  o f  an o r d e r  o f  m ag n i tu d e  i n c r e a s e  in  growth  and g r a z i n g  r a t e s  
e s t i m a t e d  in  s i t u  ( F r i t z ,  1984) in  t h e  w i n t e r .  I n  f a c t ,  g rowth  and 
g r a z i n g  r a t e s  o f  f l a g e l l a t e s  i n  < 10 °C w a t e r s  were  e s t i m a t e d  a t  t h e  low 
end o f  t h e i r  e n v i r o n m e n ta l  r a n g e  ( a p p r o x .  30 h r  d o u b l in g  t ime and 30 
b a c t e r i a  i n g e s t e d / h r ) .  T h i s  would l e a d  t o  t h e  c o n c l u s i o n  t h a t ,  r e l a t i v e  
t o  t e m p e r a t u r e ,  g r a z i n g  by n a n o p l a n k t o n i c  f l a g e l l a t e s  p la y ed  a minor  
r o l e  in  r e g u l a t i n g  s e a s o n a l  t r e n d s  in  b a c t e r i o p l a n k t o n  in  t h i s  t r a n s i e n t  
s h a l l o w  w a t e r  sy s te m .  The g r a z i n g  impact o f  f l a g e l l a t e s  on 
b a c t e r i o p l a n k t o n  in  t h i s  t r a n s i e n t  e nv i ronm en t  was p r o b a b ly  m e a n in g fu l  
o n ly  on a s h o r t - t e r m  o r  h o u r l y  b a s i s .
I n g e s t i o n  o f  b i v a l v e  gametes  by h e t e r o t r o p h i c  f l a g e l l a t e s  
s u p p o r t e d  r e c e n t  e v id e n c e  (Landry  e t  a j t . , i n  p r e s s )  t h a t  t h e s e  
m ic roogan ism s  p r o b a b l y  p o s s e s s  a d i v e r s i f i e d  d i e t  and cou ld  r e p r e s e n t  
i m p o r t a n t  g r a z e r s  o f  n a n o p la n k t o n  components  l a r g e r  th a n  b a c t e r i a  ( i . e .  
s m a l l  p h y t o f l a g e l l a t e s ) . C o n s id e r i n g  t h a t  l a m e l l i b r a n c h s  in  t e m p e r a t e  
e s t u a r i e s  can spawn y e a r - r o u n d ,  w i t h  t h e  e x c e p t i o n  p r o b a b l y  o f  J a n u a r y  
and F e b r u a r y  (M. C a s t a g n a ,  p e r s o n a l  co m m u n ica t io n ) ,  and t h a t  one m a tu re
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male  can r e l e a s e  gametes  in  t h e  o r d e r  o f  10 c e l l s  in  one spawning e v e n t  
(D. Hepworth ,  p e r s o n a l  co m m u n ica t io n ) ,  b i v a l v e  gametes cou ld  c o n s t i t u t e
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an im p o r t a n t  a l t e r n a t e  food s o u rc e  f o r  p l a n k t o n i c  m ic r o p r o t o z o a n s  in  
s h a l l o w  m ar in e  w a t e r s ,  p a r t i c u l a r l y  on th e  b a s i s  o f  c a r b o n  c o n t e n t / u n i t  
food  i n g e s t e d .  F u r th e r m o r e ,  by p r o v i d i n g  d i r e c t  c o u p l i n g  between 
b e n t h i c  i n v e r t e b r a t e s  and h e t e r o t r o p h i c  n a n o p l a n k t o n ,  t h i s  cou ld  
r e p r e s e n t  an im p o r t a n t  t r o p h i c  i n t e r a c t i o n ,  whereby c o n s i d e r a b l e  e n e rg y  
sh u n ted  tow ards  r e p r o d u c t i v e  p r o c e s s e s  would be r e c y c l e d  i n t o  a food 
s o u r c e  w i th  maximum e f f i c i e n c y .  F i n a l l y ,  due t o  t h e i r  u n iq u e  morphology 
and p h y s i o l o g i c a l  s t a t e ,  b i v a l v e  f l a g e l l a t e d  gametes  c o u ld  p r o v i d e  a 
s im p le  and d i r e c t  method o f  e s t i m a t i n g  s h o r t - t e r m  g r a z i n g  c a p a c i t y  o f  
h e t e r o t r o p h i c  m ic ro o rg a n i s m s  ( i . e .  u n i t  food i n g e s t e d / c e l l / m i n ) .
T i d a l  vs  L o n g i t u d i n a l  V a r i a t i o n s
F a l l  N i t r i t e  Maxima
Comparison  o f  HW and LW n i t r i t e  c o n c e n t r a t i o n s  i n d i c a t e d  t h a t  
h i g h  n i t r i t e  was b e in g  t r a n s p o r t e d  i n t o  t h e  embayment w i t h  t h e  t i d e  and 
t h a t  a l o n g i t u d i n a l  g r a d i e n t  d e v e lo p ed  a lo n g  t h e  embayment d u r in g  LW 
w i t h  h i g h e r  c o n c e n t r a t i o n s  in  t h e  r i v e r .  T h i s  l a r g e  n i t r i t e  p o o l  was 
p r o b a b l y  g e n e r a t e d  f u r t h e r  up r i v e r  and was t r a n s p o r t e d  down r i v e r  in  
s u r f a c e  w a t e r s  (Webb, 1 9 81) .  At low t i d e  n i t r i t e  c o n c e n t r a t i o n s  
d e c r e a s e d  t o  ' n o r m a l '  low l e v e l s  (< 0 .5  pM) a t  s t a t i o n  1,  which cou ld  
r e f l e c t  b o th  e f f e c t i v e  n i t r i t e  u p t a k e  and d i l u t i o n  from i n t e r s t i t i a l  
d r a i n a g e .  I n  any c a s e ,  n i t r i t e  removal from t h e  w a t e r  column by marsh 
b i o t a  a p p e a re d  s i g n i f i c a n t  o n ly  when t h e  w a t e r  volume c o v e r in g  th e  
marsh  was low. Thus ,  t h e  a b s o l u t e  amount o f  n i t r i t e  removed by t h e
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marsh was p r o b a b l y  sm a l l  compared to  t h e  t o t a l  amount o f  n i t r i t e  c a r r i e d  
i n t o  t h e  marsh in  one t i d a l  c y c l e  d u r in g  t h i s  p e r i o d  o f  h i g h  n i t r i t e .
These o b s e r v a t i o n s  c o n t r a d i c t  r e p o r t s  on n u t r i e n t  f l u x e s  
t h r o u g h  s a l t  m a r s h e s .  D ' E l i a  ert. (1981) s p e c u l a t e d  t h a t  b i o l o g i c a l
n i t r i t e  p r o d u c t i o n  from a d j a c e n t  s a l t  m arshes  and s h a l l o w  b e n t h i c  a r e a s  
was r e s p o n s i b l e  f o r  l a t e  sum m er-ea r ly  f a l l  n i t r i t e  maxima in  t h e  lower 
York R i v e r .  Wolaver a j t .  ( 1 9 8 3 ) ,  m o n i t o r i n g  n u t r i e n t  f l u x e s  in  a s a l t  
marsh ( C a r t e r  Creek) on t h e  lower  York R i v e r ,  found h ig h  n i t r i t e  
c o n c e n t r a t i o n s  (10-40  y g - a t  N / l )  a t  h i g h  s l a c k  in  O c tober  1978. Wolaver  
and c o - a u t h o r s  co n c lu d ed  t h a t  t h e  marsh was r e l e a s i n g  n i t r i t e  i n t o  t i d a l  
w a t e r s  in  t h e  f a l l .  S in ce  d e t a i l s  o f  f l u x  c a l c u l a t i o n s  were  n o t
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r e p o r t e d ,  i t  was d i f f i c u l t  t o  a s s e s s  t h e  v a l i d i t y  o f  t h i s  c o n c l u s i o n .  
However, d epend ing  on t h e  c o m p le x i ty  o f  h y d r o g r a p h ic  c o n d i t i o n s  ( i e .  
v a r i a t i o n s  i n  c u r r e n t  v e l o c i t y )  and on t h e  c a l c u l a t i o n  o f  n e t  ebb and 
n e t  f l o o d  t r a n s p o r t s ,  s u b s t a n t i a l  e r r o r s  cou ld  a r i s e  in  t h e  
q u a n t i f i c a t i o n  o f  n u t r i e n t  f l u x e s  (Boon, 1978; 1 9 80) .  F u r th e r m o r e ,  
Wolaver eH a - i ' s  (1981;  1983) r e s u l t s  a r e  in  d i r e c t  c o n t r a d i c t i o n  t o  an 
e a r l i e r  s t u d y  o f  n u t r i e n t  f l u x e s  in  two marsh systems in  t h e  same a r e a  
( A x e l r a d ,  19 7 4 ) .  A x e l ra d  measured  h i g h  n i t r i t e  a t  h i g h  s l a c k  w a t e r  in  
S e p te m b e r -O c to b e r  1972 in  C a r t e r  Creek (1 y g - a t  N / l )  and in  Ware Creek 
(2  y g - a t  N / l ) .  With more e x t e n s i v e  t i d a l  d a t a  ( i . e .  measurements  o f  
c u r r e n t  v e l o c i t y ) ,  A x e l rad  conc luded  t h a t  n i t r i t e  was be in g  im por ted  
i n t o  t h e  marsh d u r i n g  t h i s  p e r i o d .
A f t e r  e v a l u a t i n g  d i f f e r e n t  r e p o r t s  o f  n i t r i t e  maxima in  t h e  
York R iv e r  and Chesapeake Bay, Webb (1981) h y p o t h e s i z e d  ' a n  e a r l i e r  
u p s t r e a m  s o u r c e ' ,  s i n c e  h ig h  n i t r i t e  c o n c e n t r a t i o n s  had been o b se rv ed  
m a in ly  in  t h e  s u r f a c e  w a t e r s  o f  t h e s e  e s t u a r i n e  s y s t e m s .  In  t h e  same
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r e p o r t ,  Webb a l s o  n o t e d  a h i s t o r i c  t r e n d  in  n i t r i t e  f a l l  maxima, 
n i t r i t e  maximum v a l u e s  were i n c r e a s i n g  and ten d ed  t o  s u r p a s s  n i t r a t e  
v a l u e s  in  more r e c e n t  y e a r s ,  and peaks  were  o c c u r r i n g  e a r l i e r  in  t h e  
s e a s o n .  I n c r e a s e d  o r g a n i c  l o a d i n g  by i n t e n s i f y i n g  a n o x ic  c o n d i t i o n s  in  
t h e  e s t u a r y  c o u ld  r e s u l t  in  an i n c r e a s i n g  t r e n d  in  n i t r i t e  maximum 
v a l u e s  (Webb, 1981; Nixon e £  a^_., 1 9 83 ) ,  s i n c e  a n o x ia  would f a v o r  t h e  
o x i d a t i o n  o f  ammonium o v e r  t h a t  o f  n i t r i t e .  Webb's s u g g e s t i o n  o f  an 
i n c r e a s i n g  h i s t o r i c  t r e n d  was in  p a r t  c o r r o b o r a t e d  by t h e  p r e s e n t  s t u d y ,  
n i t r i t e  maximum v a l u e s  i n  O c to b e r  1982 a t  Carmines I s l a n d s  r e a ch e d  6 M 
(6  y g - a t  N / l ) ,  2-3 X h i g h e r  t h a n  t h e  r e p o r t e d  l e v e l s  (1 -3  y g - a t  N / l )  f o r  
t h e  lower  York R iv e r  in  t h e  f a l l  o f  1972 (A x e l r a d ,  1974; J o r d a n ,  1975) .  
However,  n i t r i t e  maximum c o n c e n t r a t i o n s  in  O c tobe r  1982 d i d  n o t  s u r p a s s  
n i t r a t e  c o n c e n t r a t i o n s .  In  f a c t ,  t h i s  n i t r i t e  e v e n t  seemed t o  be 
a s s o c i a t e d  w i t h  b o th  ammonium and n i t r a t e  maxima ( F i g u r e  2 7 ) .  The 
O c to b e r  1982 n i t r i t e  e v e n t  o c c u r r e d  l a t e r  in  t h e  s e a s o n ,  b u t  i t  was 
d i f f i c u l t  t o  i n t e r p r e t  t h e  s i g n i f i c a n c e  o f  t h i s  o b s e r v a t i o n .  The 
p r e s e n c e  o f  a m ino r  i n c r e a s e  in  n i t r i t e  in  t h e  l a s t  week o f  September  
c o u ld  i n d i c a t e  t h a t  t h e  n i t r i t e  p o o l  was o s c i l l a t i n g  h o r i z o n t a l l y  in  i t s  
p r o g r e s s  d o w n r iv e r  p ro d u c in g  s e v e r a l  peaks  c l o s e l y  spaced  i n  t ime a t  any 
g i v e n  s t a t i o n  a lo n g  i t s  p a t h .
Th is  u n u s u a l  p e r i o d  i n  n i t r o g e n  dynamics  a p p ea re d  t o  be 
r e f l e c t e d  by n a n o p la n k t o n  dynam ics .  P h y to p l a n k to n  and b a c t e r i o p l a n k t o n  
s t a n d i n g  s t o c k s  re a c h e d  a s e a s o n a l  mimimum in  O c to b e r .  I t  i s  p o s s i b l e  
t h a t  h i g h  n i t r i t e  combined w i th  d e c r e a s i n g  w a te r  t e m p e r a t u r e s  had a 
s y n e r g i s t i c  d e l e t e r i o u s  e f f e c t  on m i c r o b i o l o g i c a l  p r o c e s s e s .
F u r th e r m o r e ,  blooms o f  c y a n o b a c t e r i a  (1 X 10^ c e l l s / m l )  d ev e lo p e d  on 
November 2 and 3 i n  t h e  d i f f u s i o n  chamber e x p e r im e n t s  s t a r t e d  i n  s i t u  on
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F i g u r e  27 Maxima in  d i s s o l v e d  i n o r g a n i c  n i t r o g e n  
in  September  and O c to b e r  1982.
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O cto b er  26 and 27 ( F r i t z ,  1 9 8 4 ) .  S in ce  sm al l  p u l s e s  in  c y a n o b a c t e r i a  (1
3
X 10 c e l l s / m l )  were d e t e c t e d  i n  am bien t  w a t e r s ,  i t  seemed t h a t  th e  
p r o t e c t i v e  en v i ronm en t  o f  d i f f u s i o n  chambers  p r o v id e d  o p t im a l  c o n d i t i o n s  
f o r  a c c e l e r a t e d  growth  w i t h  t h e  e x i s t e n c e  o f  a l a r g e  o x i d i z e d  n i t r o g e n  
p o o l .  There  was a l s o  e v id e n c e  o f  l agged  growth  s t i m u l a t i o n  o f  
e u k a r y o t i c  p h y t o p l a n k t o n  in  t h e  marsh a t  t h e  end o f  t h i s  n i t r i t e  e v e n t  
( i . e .  l a t e  f a l l  -  e a r l y  w i n t e r  p h y t o f l a g e l l a t e  p u l s e s ) .  On t h e  o t h e r  
hand ,  h e t e r o t r o p h i c  f l a g e l l a t e  c o n c e n t r a t i o n s  d id  n o t  a p p e a r  t o  be 
a f f e c t e d  by n i t r i t e  maxima. In  c o n c l u s i o n ,  t h e  h y d r o l o g i c a l  and 
m i c r o b i o l o g i c a l  i m p l i c a t i o n s  o f  f a l l  n i t r i t e  maxima d e s e r v e  f u t h e r  
i n v e s t  i g a t  i o n •
H e t e r o t r o p h i c  Community a t  Low Tide
The d i s t i n c t  a s se m b lag e s  o f  l a r g e - s i z e  po lym orph ic  b a c t e r i a  
o b s e r v e d  in  t h e  marsh a t  low t i d e  c o u ld  n o t  be c l a s s i f i e d  e i t h e r  as 
' u n a t t a c h e d '  o r  ' a t t a c h e d '  b a c t e r i a ,  b u t  seemed more c h a r a c t e r i s t i c  o f  
h i g h l y  enr iched ,  m i c r o z o n e s ,  such  as i n t e r f a c e s .  S i e b u r t h  (1979) 
c l a s s i f i e d  m a r in e  b a c t e r i a  i n t o  two b road  t y p e s :  p l a n k t o b a c t e r i a  and 
e p i b a c t e r i a .  These  t y p e s  a r e  enum era ted  in  e p i f l u o r e s c e n c e  m i c r o s c o p y ,  
r e s p e c t i v e l y ,  as  u n a t t a c h e d  and a t t a c h e d  b a c t e r i a .  E p i b a c t e r i a  
r e p r e s e n t  l a r g e  c u l t u r a b l e  s a p r o p h y t i c  b a c t e r i a ,  t h e  d e n s i t y  o f  which i s  
th o u g h t  t o  r a r e l y  exceed  1 % and t o  be t i d a l l y  r e g u l a t e d .  W ilson  and 
S t e v e n so n  (1980) d e t e c t e d  a g r e a t e r  number o f  c u l t u r a b l e  b a c t e r i a  (CFUs) 
a t  low t i d e  i n  South  C a r o l i n a  s a l t  m arshes  (< 1 % o f  t o t a l  b a c t e r i a ) .
In  an e a r l i e r  s t u d y  o f  s a l t  marsh b a c t e r i a ,  E r k e n b r e c h e r  and S tev en so n  
(1975)  had found s i m i l a r  r e s u l t s  and a t t r i b u t e d  th e  i n c r e a s e  in  CFUs a t  
low t i d e  t o  r e s u s p e n s i o n .
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S i g n i f i c a n t  i n c r e a s e s  in  a t t a c h e d  b a c t e r i a  d i r e c t  c o u n t s  were 
n o t  o b se rv ed  a t  low t i d e  a t  any o f  t h e  s t a t i o n s  in  t h e  p r e s e n t  s t u d y .  
F u r th e r m o r e ,  l a r g e  amounts o f  d e t r i t u s  were  o b se rv ed  o n ly  on f o u r  
o c c a s i o n s  a t  low t i d e  (Sep tem ber  14,  August 31 ,  November 26,  December 
21 ) ,  when s t r o n g  winds  caused  c o n s i d e r a b l e  t u r b u l e n t  m ix in g  a t  a l l  t h r e e  
s t a t i o n s .  I t  i s  t h e n  u n l i k e l y  t h a t  t h e  u n u s u a l l y  l a r g e  f r e e  b a c t e r i a  
o b se rv ed  a t  s t a t i o n  1 a t  low t i d e  were  o f  an ' a t t a c h e d * '  o r i g i n ,  in  o t h e r  
w ords ,  s a p r o p h y t i c  b a c t e r i a  l i v i n g  in  c l o s e  a s s o c i a t i o n  t o  d e t r i t a l  
m a t e r i a l ,  from which  th e y  had been s t r i p p e d  and re su sp e n d e d  th ro u g h  
t u r b u l e n t  m ix in g .  The u n u s u a l  f r e e  b a c t e r i a  in  t h e  t i d a l  p o o l s  were 
p r o b a b ly  e p i b a c t e r i a  l i v i n g  in  lo o s e  a s s o c i a t i o n  w i th  s u r f a c e s  and were  
e a s i l y  d i s p e r s e d  in  t h e  w a t e r  column by t h e i r  own lo c o m o t io n  o r  by sm a l l  
p e r t u r b a t i o n s  in  l a m i n a r  f l o w .
S i e b u r t h  (1979) f u r t h e r  d i v i d e d  e p i b a c t e r i a  i n t o  n o n - d i s t i n c t  
and d i s t i n c t  g ro u p s  on t h e  b a s i s  o f  morphology .  A cco rd ing  t o  t h i s  
c l a s s i f i c a t i o n ,  n o n - d i s t i n c t  e p i b a c t e r i a  were u s u a l l y  o b se rv ed  on 
p a r t i c u l a t e  m a t e r i a l  and o c c u r r e d  as  t r a n s i e n t s  in  t h e  w a t e r  column, 
p a r t i c u l a r l y  in  s h a l l o w  w a t e r s .  Rod-shaped s p e c i e s  in  t h i s  group ( i . e .  
pseudomonads) u s u a l l y  a t t a i n e d  v e r y  l a r g e  s i z e s  ( 5 y m  l e n g t h ,  l y m  
w i d t h )  i n  l a b  c u l t u r e s  and were t h o u g h t  t o  be l a r g e l y  r e s p o n s i b l e  f o r  
t h e  d e g r a d a t i o n  o f  p a r t i c u l a t e  o r g a n i c  m a t t e r  in  t h e  s e a .  On t h e  o t h e r  
hand,  d i s t i n c t  e p i b a c t e r i a  p o s s e s s e d  d i s t i n c t i v e  m o r p h o l o g ic a l  
c h a r a c t e r i s t i c s  and w e l l - d e v e l o p e d  a b i l i t y  f o r  lo c o m o t io n .  They were 
th o u g h t  t o  be e q u a l l y  im p o r t a n t  i n  t h e  r e m i n e r a l i z a t i o n  o f  p a r t i c u l a t e  
m a t t e r  ( S i e b u r t h ,  19 7 9 ) .  I n  t h i s  g ro u p ,  s p e c i e s  o f  s p i r a l - s h a p e d  
f l a g e l l a t e d  b a c t e r i a  ( i . e .  -Sp i r i -H/am) were d e s c r i b e d  w i t h  d im en s io n s  and 
m o rp h o lo g ie s  r e s e m b l i n g  t h e  l a r g e  m ic ro o rg a n ism  o b se rv ed  in  t h e  t i d a l
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p o o l s .  S in ce  t h e r e  i s  a maximum r a t i o  o f  sed im en t  s u r f a c e  a r e a / w a t e r  
volume and a i r  s u r f a c e  a r e a / w a t e r  volume in  t h e  i s o l a t e d  t i d a l  p o o l s ,  
t h i s  c o u ld  r e s u l t  i n  maximum d i s p e r s i o n  o f  i n t e r f a c e  o r  e p i b a c t e r i a  
t h r o u g h o u t  t h e  w a t e r  column.
S in c e  i n c r e a s e d  s p e c i e s  d i v e r s i t y  and c e l l  numbers in  
h e t e r o t r o p h i c  f l a g e l l a t e s  were  o b s e r v ed  o n ly  in  marsh t i d a l  p o o l s  in  
a s s o c i a t i o n  w i t h  l a r g e - s i z e  d i s t i n c t i v e  b a c t e r i a ,  i t  i s  p o s s i b l e  t h a t  
t o g e t h e r  th e y  c o n s t i t u t e d  a d i s t i n c t i v e  h e t e r o t r o p h i c  a s s e m b lag e ,  w i t h i n  
which  abun d an t  l a r g e - s i z e  p r e y  c o u ld  be s u p p o r t i n g  a wide  d i v e r s i t y  o f  
p r e d a t o r s .  Whether t h i s  p r e d a t o r - p r e y  a s s o c i a t i o n  was t r a n s i e n t  o r  was 
p a r t  o f  a pe rm anent  m ic r o n ic h e  in  t h e  marsh  env i ronm ent  ( i e .  s e d i m e n t -  
w a t e r  o r  a i r - w a t e r  i n t e r f a c e s )  c o u ld  n o t  be d e te r m in e d  in  t h i s  s t u d y .  
Recen t  s t u d i e s  s u g g e s t e d  t h e  im p o r tan c e  o f  m i c r o b i o l o g i c a l  p r o c e s s e s  a t  
t h e  s e d i m e n t - w a t e r  i n t e r f a c e ,  where  r e m i n e r a l i z a t i o n  r a t e s  were  2 -4  X 
g r e a t e r  t h a n  i n s i d e  t h e  s ed im en ts  ( K e l l y ,  1 9 8 2 ) .  The r a p i d  a c c u m u la t io n  
o f  p h o s p h a te  d e t e c t e d  a t  t h e  marsh s t a t i o n  a t  low t i d e  c o u ld  be r e l a t e d  
t o  i n c r e a s e d  r e m i n e r a l i z a t i o n  th r o u g h  maximized t r o p h i c  i n t e r a c t i o n s  
w i t h i n  t h i s  h e t e r o t r o p h i c  community,  r a t h e r  th a n  t o  d i f f u s i o n  from marsh 
s o i l s  a f t e r  m e io b e n th i c  m i n e r a l i z a t i o n ,  as p o s t u l a t e d  in  t h e  p a s t  ( e . g .  
A x e l r a d ,  1 9 7 4 ) .  In  any c a s e ,  marsh t i d a l  p o o l s  a p p ea re d  t o  s i m u l a t e  
m i c r o b i o l o g i c a l  p r o c e s s e s  t a k i n g  p l a c e  a t  i n t e r f a c e s .  Th is  c o u ld  be 
e x p l o i t e d  as  a means t o  o b t a i n  s h o r t - t e r m  g r a z i n g  r a t e s  d i r e c t l y  from 
t h e  en v i ro m en t  o r  t o  s tu d y  lo n g - t e r m  phenomena ( i . e .  s h i f t s  i n  s p e c i e s  
dominance)  in  e n v i r o n m e n t a l l y  r e p r e s e n t a t i v e  c o n d i t i o n s  ( i . e .  mic rocosm 
e x p e r i m e n t s ) •
SUMMARY
1. S h o r t - t e r m  ( w i t h i n  a t i d a l  c y c l e )  v a r i a b i l i t y  t e n d ed  t o  e q u a l  long ­
te rm  (be tween  weekly  t i d a l  c y c l e s )  v a r i a b i l i t y  f o r  most c h em ica l  and 
b i o l o g i c a l  p a r a m e te r s  measured  in  t h i s  sh a l lo w  e s t u a r i n e  sy s te m .  The 
d a i l y  p e r i o d i c i t y  and s p a t i a l  h e t e r o g e n e i t y  o f  d i s s o l v e d  g l u c o s e  in  
p a r t i c u l a r ,  seemed t o  r e f l e c t  h i g h l y  t r a n s i e n t  r a t e s  o f  p l a n k t o n i c  
p r im a ry  p r o d u c t i o n  a n d / o r  h e t e r o t r o p h i c  u p t a k e .  Tem pera tu re  was found 
t o  r e p r e s e n t  t h e  m a jo r  d r i v i n g  f o r c e  f o r  b o th  s h o r t - t e r m  and l o n g - t e r m  
n a n o p la n k t o n  p r o c e s s e s .
2 .  O c tobe r  was an u n u s u a l  p e r i o d  i n  d i s s o l v e d  i n o r g a n i c  n i t r o g e n ,  
d u r i n g  which maxima in  ammonium, n i t r a t e  and n i t r i t e  o c c u r r e d  
s i m u l t a n e o u s l y .  The n i t r i t e  maximum was p a r t i c u l a r l y  n o t e w o r th y ,  s i n c e  
c o n c e n t r a t i o n s  rem ained  20-30 X h i g h e r  (6  pM) th a n  p r e v i o u s  b a s e l i n e  
l e v e l s  ( 0 . 2 - 0 . 3  jiM) o v e r  a t h r e e  week p e r i o d .  T i d a l  and l o n g i t u d i n a l  
v a r i a t i o n s  in  n i t r i t e  s u g g e s t e d  a r i v e r  o r i g i n ,  p ro b a b ly  f u r t h e r  
u p s t r e a m .  There  was e v id e n c e  o f  growth  d e p r e s s i o n  o f  p h y t o p l a n k t o n  and 
b a c t e r i o p l a n k t o n  d u r i n g  t h i s  p e r i o d  and growth  s t i m u l a t i o n  o f  
p h y t o p l a n k t o n  a t  t h e  end . The h y d r o l o g i c a l  and m i c r o b i o l o g i c a l  
i m p l i c a t i o n s  o f  f a l l  n i t r i t e  maxima in  e s t u a r i n e  e n v i ro n m e n ts  d e s e r v e  
f u r t h e r  i n v e s t i g a t i o n .
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3 .  O c to b e r  r e p r e s e n t e d  a p i v o t a l  p e r i o d  on t h e  b a s i s  o f  s h i f t s  in  
abundances  o f  d i f f e r e n t  n a n o p la n k t o n  components .  C e l l  c o u n t s  f o r  
d ia to m s  and c y a n o b a c t e r i a  d e c r e a s e d  t o  a minimum. C o n c e n t r a t i o n s  o f  
p h y t o f l a g e l l a t e s  a l s o  d e c r e a s e d  c o n s i d e r a b l y  from O c to b e r  t o  December, 
b u t  t h e i r  r e l a t i v e  abundance as a n a n o p la n k to n  component i n c r e a s e d  
d u r in g  t h i s  p e r i o d .  Even though  c o n c e n t r a t i o n s  o f  h e t e r o t r o p h i c  
f l a g e l l a t e s  e x h i b i t e d  no w e l l - d e f i n e d  s e a s o n a l  t r e n d s ,  t h e i r  r e l a t i v e  
abundance  as a n a n o p la n k to n  component i n c r e a s e d  from O c tober  t o  December 
and r e a c h e d  a maximum in  A p r i l .
4 .  D a i ly  and s e a s o n a l  s h i f t s  i n  t h e  r e l a t i v e  abundance o f  d i f f e r e n t  
p h y t o p l a n k t o n  components a f f e c t e d  t h e  p r e d i c t a b i l i t y  o f  measurements  o f  
t o t a l  c h l o r o p h y l l  a  by a u t o t r o p h i c  c e l l  c o u n t s .  T o t a l  c h l o r o p h y l l  a  was 
w e l l  d e s c r i b e d  by a u t o t r o p h i c  c e l l  c o u n t s  o n ly  on a d a i l y  b a s i s  and on a 
m on th ly  b a s i s  o n l y  when s p e c i e s  d i v e r s i t y  was low.
5 .  Tem pera tu re  a p p ea re d  t o  be t h e  do m in a t in g  f a c t o r  in  r e g u l a t i n g  
s e a s o n a l  s t a n d i n g  s t o c k s  o f  b a c t e r i o p l a n k t o n  in  t h e  t i d a l  embayment.  
There  was no e v id e n c e  o f  a ' n u r t u r i n g "  r e l a t i o n s h i p  be tween  abundances  
o f  h e t e r o t r o p h i c  f l a g e l l a t e s  and b a c t e r i a  on a l o n g - t e r m  b a s i s .  The 
g r a z i n g  e f f e c t  o f  m i c r o f l a g e l l a t e s  on b a c t e r i o p l a n k t o n  s t a n d i n g  s t o c k s  
was p r o b a b l y  m e an in g fu l  o n ly  on a s h o r t - t e r m  o r  h o u r ly  b a s i s  in  t h i s  
t r a n s i e n t  e n v i ro n m e n t .
6 . The most r e m a rk a b le  c h a r a c t e r i s t i c  o f  t h i s  s a l t  marsh -  m u d f l a t  
eco sy s tem  were  t i d a l  v a r i a t i o n s  in  t h e  h e t e r o t o p h i c  n a n o p lan k to n  
community.  Marsh h e t e r o t r o p h i c  m i c r o f l a g e l l a t e s  and b a c t e r i a  e x h i b i t e d
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g r e a t e r  m o r p h o l o g ic a l  and s i z e  d i v e r s i t y  a t  low t i d e  th a n  a t  o t h e r  t i d a l  
s t a g e s .  Very l a r g e  b a c t e r i a  ( 5 p m  l o n g ,  1 ym d i a . )  r e p r e s e n t e d  in  some 
c a s e s  20-40 % o f  t o t a l  b a c t e r i o p l a n k t o n  and a p p ea re d  c h a r a c t e r i s t i c  of 
e n r i c h e d  m ic rozones  ( i . e .  i n t e r f a c e s ) .  The p o t e n t i a l  f o r  t r o p h i c  
i n t e r a c t i o n s  and p h o s p h a te  r e m i n e r a l i z a t i o n  was p ro b a b ly  maximized 
w i t h i n  t h e s e  d i s t i n c t  h e t e r o t r o p h i c  a ssem blages  and c o u ld  be e x p l o i t e d  
in  microcosm ty p e  e x p e r i m e n t s .
7 .  B iv a lv e  f l a g e l l a t e d  gametes  c o n s t i t u t e d  an im p o r t a n t  - e v e n  i f  
t r a n s i e n t  p a r t -  o f  t h e  n a n o p la n k to n  community in  t h e  t i d a l  embayment. 
They c o u ld  r e p r e s e n t  an i m p o r t a n t  a l t e r n a t e  food s o u rc e  f o r  
m i c r o p r o t o z o a n s ,  and , t h u s ,  p r o v i d e  d i r e c t  ( e n e r g y  e f f i c i e n t )  c o u p l in g  
between b e n t h i c  i n v e r t e b r a t e s  and h e t e r o t r o p h i c  n a n o p la n k t o n  in  h i g h l y  
p r o d u c t i v e  s h a l lo w  m ar in e  s y s t e m s .  S h o r t - t e r m  s p e c i f i c  g r a z i n g  c a p a c i t y  
( i . e .  u n i t  food i n g e s t e d / c e l l / m i n )  o f  h e t e r o t r o p h i c  m ic r o p r o t o z o a n s  
c o u ld  be e a s i l y  o b t a i n e d  u s i n g  b i v a l v e  gametes  as a food s o u r c e .
8 . S h o r t - t e r m  sam pl ing  o f  n a n o p la n k t o n  p r o c e s s e s  in  t h i s  t r a n s i e n t  
sys tem  r e v e a l e d  t e m p o ra l  r e s p o n s e s  d e t e c t a b l e  on t h e  s c a l e  o f  hours  and 
even m i n u t e s ,  p a r t i c u l a r l y  d u r in g  p e r i o d s  o f  maximal s e a s o n a l  change .  
T i d a l  and l o n g i t u d i n a l  v a r i a b i l i t y  r e v e a l e d  s p a t i a l  h e t e r o g e n e i t y  
r a n g in g  from s m a l l - s c a l e  (cm) s p e c i a l i z e d  i n t e r f a c e  c o n d i t i o n s  in  marsh 
t i d a l  p o o l s  t o  l a r g e - s c a l e  (m) l o n g i t u d i n a l  g r a d i e n t s  a lo n g  th e  
embayment.  I n t e n s i v e  e n v i r o n m e n ta l  i n v e s t i g a t i o n  o f  n a n o p la n k t o n  
p r o c e s s e s  in  t r a n s i e n t  sys tem s  un d e rg o in g  maximum s e a s o n a l  changes  c o u ld  
p r o v i d e  v a l u a b l e  i n f o r m a t i o n  as t o  t h e i r  maximum dynamic p o t e n t i a l .
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